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Abstract 

The goal of this experiment was to further the scientific knowledge of the 
solar corona by measuring the Faraday rotation of a 2292-MHz continuous wave 
signal in this plasma. 

The Pioneer VI spacecraft was launched into a circumsolar orbit on Decem- 
ber 16, 1965, and was occulted by the sun in the last half of November, 1968. 
During the occultation period, the 2292-MHz S-band telemetry carrier wave 
underwent Faraday rotation due to the interaction of this signal with the plasma 
and magnetic field in the solar corona. The 210-ft-diam Goldstone Mars station 
antenna of the Deep Space Network located near Barstow, Calif. was used 
for the measurement. The antenna feed was modified for automatic polarization 
tracking for this experiment. This modification is described and the performance 
evaluated. 

Three large-scale transient Faraday rotation phenomena were observed on 
November 4, 8, and 12. These phenomena typically lasted about 2 h and pro- 
duced Faraday rotations on the order of 40 deg. Correlation with dekametric 
solar radio bursts was noted and the implied solar wind velocity estimated. 

A steady-state Faraday rotation was observed, commencing at about 10 solar 
radii on the west limb of the sun. The rotation increased steadily as the ray path 
approached the sun. At 4 solar radii polarization had rotated over 125 deg. The 
signal could not be tracked closer to the sun because of the loss in receiver 
sensitivity caused primarily by the increased system noise temperature. The 
increase in system noise temperature was due to the antenna side lobes “seeing” 
the sun. Further loss in sensitivity was due to the spectral broadening of the 
signal caused by highly random motion of the excited plasma close to the sun. 
The rotation was of nearly equal magnitude upon exit on the east limb of the 
sun but of opposite sense in the outer region. 

The steady-state measurement is compared with a theoretical model of the 
solar corona using a modified Allen-Baumbach electron density and the coronal 
magnetic field as derived from the Mount Wilson optical solar magnetograph 
and the Explorer 33 satellite magnetometer. Although the calculated rotation and 
the experimental data show general agreement with respect to the magnitude, 
sense, and timing of the rotation, an improved fit is obtained with an assumed 
equatorial electron density (in m-3) 

with R in solar radii. 
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A Faraday Rotation Measurement of a 13-cm Signal 
in the Solar Corona 

on the order of lo6 K (Refs. 2 and 3). Although electron 
densities in general vary with both location and time, the 
static density around the “quiet” sun can be represented 
by an Allen-Baumbach model with radial dependence 
(Refs. 4-6). The “static” magnetic field postulated by 
Parker (Ref. 7) describes an Archimedes spiral that is 
essentially radial at the distances of interest. The density 
and structure of the corona and a current review of 
plasmas in space are given in Refs. 8 and 9, respectively. 

, 

1 Electron density measurements summarized by Hata 
and Saito (Ref. 10) are performed from photometric 
studies. The K-coronometer observations are used for 
routine measurements out to 10 solar radii (Ref. 11). 

Electron densities from 10 to 80 solar radii can also be 
obtained from scintillation measurements of radio sources 
during solar occultation (Ref. 12). The magnetic field in 
the solar corona has been determined from observations 
of solar radio bursts (Ref. 13) viewed through the solar 
corona. Schatten and Wilcox (Ref. 14) have calculated the 
magnetic field in the solar corona by a Green’s Function 
technique from measured magnetogram data (Ref. 15). 
The fields are computed in the solar corona as if they 
originated from a “source surface.” This fictitious surface 
is located far enough (1.6-3.0 solar radii) from the sur- 
face of the sun so that it can be assumed that transient 
magnetic field loops do not “break through.” This tech- 
nique was used (Ref. 16) to predict the coronal structure 
for the September 1968 solar eclipse. Ness and Wilcox 
(Ref. 17) obtained interplanetary magnetic field ’ data 
from earth satellite instrumentation and proved this field 
to be essentially of solar origin. 

Solar observations with a polarization radio telescope 
have provided interesting data by the correlation of noise 
temperature and polarization bursts (Ref. 18). Radar 
techniques provided the first probing of the solar corona 
with coherent continuous wave (CW) signals (Refs. 19 and 
20). The first probing of the solar corona by transmission 
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of a CW signal through the near solar corona occurred 
with the Mariner IV spacecraft in conjunction with the 

model are approximated respectively by (Ref. 22) 

Goldstone Mars station (Ref. 21). The Mariner IV orbit 
placed the spacecraft behind the sun so that the S-band 

Bn 
B E  = R” 

circularly polarized radio signal passed within 0.6 deg 

operational use of the 210-ft-diam Mars station antenna 
with low noise masers that were required to track the 
spacecraft at the tremendous distance of about 2 AU. 
The spectral broadening of the received signal measured 
in this experiment caused by the differential doppler in the 
ray paths can be theoretically related to the solar wind. 

Bn WT of the solar disc. This experiment also provided the first B ,  = -- R u  

where 

Bo = magnetic field at surface of sun, G 
R = distance from center of sun, solar radii 

The Pioneer VI spacecraft passed behind the sun dur- 
ing November 1968. This provided the first opportunity 
to observe the transmission of a linearly polarized S-band 
CW signal through the near solar corona. The Faraday 
rotation of this signal due to the solar corona was mea- 
sured and the results interpreted. The measurement 
provided precise data on the integrated product of the 
electron density and the longitudinal component of 
the magnetic field along the ray path. This quantity 
combined with magnetic field data, provided electron 
density information in the region of the ray path. 

A. The Solar Magnetic Field 

The magnetic field emanating from the sun is basically 
radial (in a gross sense) at distances greater than about 
2 solar radii from the center with a spiral effect dominat- 
ing at larger distances. The Archimedes spiral of the 
magnetic field lines is caused by the “nozzle effect” of 
the solar wind emanating from the surface of the rotating 
sun dragging along the magnetic lines of flux. The spiral 
is such that its angular departure a from the radial direc- 
tion is given by (see Ref. 1) 

where 

p = distance from sun, m 

= rotation rate of sun, rad/s 

T = radius of sun, m 

This simple Parker model does not predict the field po- 
larity. The polarity of the magnetic field lines tend to be 
grouped in sectors and must be measured. 

B. The Coronal Plasma Density 

Photometry observations of the brightness of the 
K-corona during an eclipse can be used to calculate 
the electron density in the solar corona. The Allen- 
Baumbach formula for the equatorial electron density 
radial distribution normally given (in m-3) by 

2.99 1.55 
N = 1014 (F + F )  (3) 

was obtained from this type of data. 

In the range of interest for this experiment (4 < R < 12), 
the R-16 term is negligible. In addition, as indicated by 
Hollweg (see Ref. 6) a term in R-Z is necessary to cor- 
respond to the theoretical results of Parker (Refs. 6 and 7) 
and to agree with the results of solar probe measure- 
ments. Thus, for this report we will use a modified form 
of the Allen-Baumbach equation (Ref. 6) given by 

N = 1014 (F 1.55 + -%) 
R- 

II. Interaction of Electromagnetic Waves With 
a Magnetized Plasma 

(4) 

The theory of the interaction of an electromagnetic 
plane wave with a magnetized plasma is presented in 
this section. This is required to interpret the Faraday 
rotation of the linearly polarized CW signal originating 
from the Pioneer VI spacecraft and propagating through 
the plasma of the solar corona. 

u = velocity of solar wind, m/s 

An angle of 45 deg at 1 AU (1.49598 X lo1* m), with a 
solar sidereal period of rotation of 25.38 days, implies a 
solar wind velocity of 4.3 X lo5 m/s. The radial and 
azimuthal components of the magnetic field in the Parker 
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A. Basic Theory of Faraday Rotation in a 
Magnetized Plasma 

The propagation and polarization properties of a plane 
monochromatic wave in a magnetically biased homog- 
eneous, lossless plasma has been well treated in the lit- 
erature (Refs. 23-26). The treatment and nomenclature 
of Papas (Ref. 23) are closely followed in the deriva- 
tion of this section. In particular, an exp (-id) time 
dependence is used. The plasma is regarded as a con- 
tinuous medium with zero conductivity and vacuum 
permeability p,,. Application of a magnetostatic field Bo 
to the plasma results in a tensor permittivity F, The tensor 
is derived from Maxwell's equations through the Lorentz 
force equation 

dv 
dt m- = e(E + v X Bo) 

where 

e = electron charge = -1.60210 X 

m = electron mass = 9.1091 X 

v = electron velocity, m/s 

C 

kg 

Bo = steady magnetic field, Wb/m2 

E = electric field of wave, V/m 

(5)  

The electron velocity is related to the plasma conduction 
current density by 

J = Nev (6) 

where 

J = conduction current density, A/m2 

N = electron density, m-3 

With the z-axis parallel to Bo, the tensor 
Cartesian coordinates by: 

is given in 

€22 = Eo (1 - +) = I% (1 - -) X = Eyy 
0' - 1 - Y' 

(74  

Ezz = Eo (1 - 3) = Eo (1 - X )  
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107 
e,, = free space permittivity = - 

4TC2 

N 8.85416 X 10-l2 F/m 

c = velocity of light = 2.99793 X los m/s 

w = signal frequency, rad/s 

" p  = (.EJ2 = plasma frequency, rad/s 

- gyro frequency, rad/s ug=-- 
eB0 
m 

Note: Negative e in the case of electrons results in negative w,,. 

The foregoing neglects collisions and interaction of the 
signal with ions. The electric vector of a wave traveling 
in the k direction is given by 

E(r,t) = Re {Eo exp [i(k r - u t ) ] }  (8) 

where 

E, = constant vector describing the wave polarization, 
V/m 

k = propagation vector, rad/m 

r = position vector, m 

The steady-state form of Maxwell's equations in terms 
of the tensor permittivity is given by 

v,X E = i o p o H  

v X H =  

where 

H = magnetic field, A/m 

po = free space permeability, H/m 

(9) 

3 



Manipulating the above results in the vector equation 

using 

w k = -  
2, 

where 

v = phase velocity, m/s 

and orienting the Cartesian coordinate system so that k 
is in the yz plane and defining 6 as the angle between 
Bo and k (Fig. 1) results in 

) 
v2  Euv 

E,, (- $:) + E,, ( COSZe - -- cz E ,  

+ E,, ( -  COS e sin e) = o 
(1lb) 

0 + E,, ( -  cos 8 sin e) + E,, 2,' E,, )=0 
c' E ,  

(1lc) 

from the x ,  y, and z components of Eq. (10). Quantities 
E,,, Ew, and E,, are the Cartesian coordinates of E,. 

Setting the determinant of the homogeneous equations 
equal to zero, 

DIRECTION OF 16 PROPAGATION 

/ 

DIRECTION OF 
PROPAGATION 

Y 

X 

Fig. 1. Arbitrary direction of propagation (in yz plane) in 
relationship to applied static magnetic field Bo 

(l-$%L) (-5%) 0 

(- $2) (Cosze- $2) ( -  sin 8 cos 8) 

v2 €2, ( -  sin8cosO) sin2e - -- 1 0 ( c2 E ,  

and defining 

€2, 
€3 = - 

EO 

results in the Appleton-Hartree equation 

-($-+)(& d> 
(+ - $) [f - + (+ + 31 tanZ e =  

(14) 

where 

C 

2, 
n = index of refraction = - 

The solutions for propagation parallel to Bo (e = 0, 
Fig. 1) are 

The propagation constants for the two waves traveling 
parallel to Bo are 

4 JPL TECHNICAL REPORT 32-1401 



and 

A similar derivation for the two waves traveling per- 
pendicular to Bo (@ = T/2, Fig. 1) results in the propa- 
gation constants 

and 

Since kHl2 is identically equal to the propagation con- 
stant of a wave in an isotropic plasma, the wave identi- 
fied by a single prime is called the ordinary wave and 
that with a double prime the extraordinary wave. 

Returning to the case for propagation parallel to Bo 
Eqs. (11) simplify to 

E,.(- $%) + Eov(l  - n2 E ,  

As shown by the bottom equation, E,, is zero. These 
relations are satisfied with Eq. (15) if 

E,, = - i  E,, (22) 

while Eq. (16) requires that 

E,,, = i E,, (23) 

Consequently, the electric vectors of the two waves are 

(24) E’ = (a, - ia,) A exp (ik’, z )  

and 

E” = (a, + iav) €3 exp (ik; z) (5) 

Eqs. (24) and (25) are, respectively, a left-hand circularly 
polarized wave and a right-hand circularly polarized 
wave. The sum is 

E = E’ + E” = (a, - @,)A exp (iK, z)  

+ (a, + ia,) €3 exp ( ikr  z )  

The components are 

1 + (+) exp [ i (kr  - k : )  z ]  

1 - (+) exp [ i ( k r  - k ’ , ) z ]  
- i  (27) 

E, 
E,, 
-- 

For waves of equal amplitude, as required for an inci- 
dent [ z  = 0 in Eq. (26)l plane wave with E linearly 
polarized in the 2 direction, Eq. (27) reduces to 

Therefore, at any position z, the composite wave traveling parallel to Bo remains linearly polarized and undergoes a 
clockwise Faraday rotation in unit distance 

- (+)XY 
k’, - k‘,’ w [( X )”’-( X )”‘I - - 

(1 - Y’) (n, + n,) 
l - -  I f Y  1 - -  2 2c l + Y  

- -- n, = 

- ( 5 ) X Y  
\ - I  - - 

(1 + Y) [(l - Y) (1 - Y - X)]’/Z + (1 - Y) [(l + Y) (1 + Y - X ) p *  
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Consider a wave incident on an infinite half plane 
propagating with tJ = ~ / 2 .  Assume the E vector of the 
incident wave is aligned with a, (i.e., E perpendicular to 
B, which closely approximates the situation in the 
Pioneer VI experiment; see Fig. 38 for identification with 
the experiment) 

The lower form is better suited to numerical evalua- 
tion since it does not involve the difference of nearly 
equal valued quantities. For wg/o < 1 and W,/O c 1 this 
simplifies to 

Einc = (E,) a, exp (ik,y) 1 For propagation perpendicular to B, ( 0  = ~ / 2 ,  Fig. 1) 
substitution of Eq. (19) into Eq. (11) requires that E,, 
and E,, be identically zero. Similarly, Eq. (20) requires 
that E,, be zero and that 

where 
- iXY 

1-x-Y’ Eo, = 
(E,)L = component of incident electric field mag- 

nitude perpendicular to Bo 
As before, this results in 

0 k,, = - = magnitude of propagation vector in free 
C space E’ = a, A exp (ik;,?y) (32) 

and 
Assume a reflected wave 

1 E‘ = C exp ( -ik,y) 

k, H‘ = -( - C, a, + C, a,) exp ( - ik,,y) 
W P o  

The propagation constant of the wave represented by 
Eq. (32) is independent of Bo. This is the ordinary wave 
appropriately behaving as though it were in an isotropic 
plasma since the v X Bo term in the Lorentz force equa- 
tion is zero. Equation (33) represents the extraordinary 
wave. 

Matching boundary conditions at the half plane interface 
(Y = O h  

1 A = C , = O  
As before, the sum is 

E = E’ + E” = a,A exp (ikk12y) 

so that for this case Eq. (34) becomes 

With 

the associated magnetic vector is 
where 

E, = propagating electric field vector excited by 
the incident electric field vector perpendic- 
ular to Bo, ( 0  = ~ / 2 )  
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and 

We, therefore, have a transverse magnetic (TM) wave 
with the magnetic vector parallel to Bo. This situation 
will not result in Faraday rotation. 

A similar consideration shows that for a component of 
the incident E vector parallel to Bo (0  = ~ / 2 ,  Fig. 1) 

and 

where 

E,,  = propagating electric field vector excited by 
incident electric field vector parallel to Bo 

= component of incident electric field magni- (E,) 
tude parallel to Bo 

This is a transverse electromagnetic (TEM) wave with 
the magnetic field vector perpendicular to Bo. Again, this 
wave will not result in Faraday rotation. 

Therefore, for a wave propagating perpendicular to 
Bo ( e  - ~ / 2 ,  Fig. 1) but with the incident E vector 
arbitrarily aligned with respect to Bo, the previous anal- 
ysis indicates [using the real part of Eqs. (40) and (42)] 
that two transverse (the receiving system is not sensitive 
to a longitudinal E field component) phase coherent 
terms will be present. 

cos (ut - k:/2 y )  2(EJ 1 E, = (+ +1) 

cos (ut - k’,,,y) 
2(Eo) I ‘  

E, = (+ +1) 

JPL TECHNICAL REPORT 32-1401 

where 

E,  = x component of the transmitted wave due to 

E, = z component of the transmitted wave due to 

(Eo)l = component of the incident E vector perpen- 

(Eo),l = component of the incident E vector parallel 

(E& 

(E0)Il 

dicular to Bo 

to Bo 

These are recognized as parametric equations of an 
ellipse with an angle of rotation (Ref. 26) 

where 

The differential rotation is 

This is the differential rotation in a plasma slab of length 
dy with a linearly polarized incident electric field. Without 
specifying the E field alignment with Bo, Kraus (Ref. 27), 
indicates that for unit distances 

(47) 

The lower form of Eq. (47) requires that X << 1, Yz << 1. 
Equation (47), an upper limit (Ref. 28) to Eq. (46) has been 
used (see Ref. 27) to show that the Faraday rotation due 
to the transverse magnetic field component is negligible 
compared to the longitudinal component. 

7 



The Faraday rotation of a linearly polarized CW signal 
traversing a plasma with an arbitrary orientation with 
respect to the magnetic field is usually computed using 
the longitudinal component of the magnetic field along the 
propagation paths. An exact evaluation not requiring this 
assumption is derived in the following. 

the unit vector ae defined by 

- a, X a, 
k 
k 
-- (53) 

This results in 

(54) 
X 

n2, = 1 -  1 - iY ,p ’  The solutions to Eq. (14) for propagation at an arbitrary 
angle 0 with respect to Bo (Fig. 1) are (see Ref. 23) 

and 
x 
1 Y; n;,* = 1 - 

(55) 
X n,’ = 1 - 

1 - i Y, p” 

The electric vectors of the two propagating waves in 
the direction of k are where 

YL = Y computed with the longitudinal component of 
the magnetic vector Bo 

Y, = Y computed with the transverse component of the 
magnetic vector Bo 

(56) E’ = (a, + -ae) 1 A exp ( i k i  I )  
P’ 

and 

(57) E” = (a, + -a@) 1 B exp ( i k y  I )  P” 
and the + and - signs are used respectively for n,  and n2. 
The propagation constants for the two waves are 

where 

I = pathlength (49) 

and If the total field at I = 0 is assumed to be polarized in 
the a, direction, Eqs. (56) and (57) become 

where n, and n2 are computed from Eq. (48). It follows 
from Eq. (11) that the ratios of the electric field compo- 
nents perpendicular to k are (k in the xy plane as in Fig. 1) E“ = - A (a, + p“ 1 a@) exp (ik 1 )  

P‘ 

But, if p‘=E’,- E: - --{-L-[- Y,, i 2 1 1 Y2 -x 4 1 (1 Y; -X)? + Yt]l/Z) 

yc <<1 
2 (1 - X)Y, 

for the ordinary wave (with propagation constant k‘ , )  and (which includes the condition that Y, = 0), Eqs. (51) and 
(52) become p’ N i and p” N -i, respectively, and the 
total field is then i 1 Y; 1 Y; + Yt]’”} 

,,=Ef= E” -- 
Y, {TT--?T+[7 (1 - X)2  

ET = E’ + E” 

N A[(a, - i a,) exp (ikt I )  + (a, + ia,) exp ( i k y  I ) ]  

(58) 
for the extraordinary wave (with propagation constant 
Pi). Quantity E ,  is the component of E in the direction of 
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Referring to Eqs. (26-29) shows that under these circum- 
stances (i.e., the quasi-longitudinal approximation) 

k’, - ky 
2 n e  

When Y L  approaches zero (e N r/2 ‘in Fig. 1) the situa- 
tion becomes slightly more complicated. Assuming an 
incident linearly polarized wave 

Einc = a, E o  exp (ikd) 

on a semi-infinite slab and accounting for the reflection 
results in the following general solution for the constants 
of Eqs. (56) and (57) 

Then for 6 = r/2 

B p’+O -+o  
P” 

A+O 

(59) 

Inspection of Eqs. (56) and (57) with these values indicates 
that only a linear wave polarized in the a, direction is 
propagated in the plasma. This results in no Faraday 
rotation, in agreement with previous results. 

Equation (58) is recognized as the sum of a right-hand 
circularly polarized wave and left-hand circularly polar- 
ized wave. The Faraday rotation per unit length is 
therefore 

2c 1 - ip’YL 1 - ip”Y, ,”‘I 
- WXY, 

2c 

- w x Y L  + 2 ’[ Z(1- yi X)Y, J ,  
ClL N 

Y1 n 2 )  

2c 

The lower forms which are more suitable for computation 
do not involve the difference of quantities of nearly equal 
magnitude. These reduce to the usual approximation 
[Eq. (30), except Y replaced by Y L ]  for Y << 1, X E( 1, and 
(Y$)/[2(1 - X)YL] << 1. 

It is necessary to estimate the plasma frequency, gyro 
frequency, and collision frequency in the solar corona as 
a function of distance from the sun. This verifies the 
validity of the approximation used in the computation 
involving the Pioneer VI solar occultation experiment. 
The plasma frequency and gyro frequency (in Hz) 
simplify to (Bo in G) 

I fp = 8.97837 ( N ) l I 2  
(61) 
, I  

f g  = -2.799202 X lo6 Bo 

The approximate collision frequency is given by (Ref. 29) 

where an approximate electron temperature of 106”K was 
assumed. Assuming a Parker radial field with a magnitude 
of 1 G at the surface of the sun and a modified Allen- 
Baumbach electron density for a “quiet” sun ( B  in G) 

(F 1.55 + -) 0.01 1014 ) 
R2 

where R is in solar radii [see Eqs. (1) and (4)]. Typical 
“quiet” sun values as a function of R are tabulated in 
Table 1 for the Pioneer VI frequency of 2.292036 X lo9 Hz. 
This table demonstrates the validity of the assumptions 
used in this investigation of the solar corona. The collision 
frequency is extremely low even if the density were raised 
by an order of magnitude. The “averaged electron density 
in the solar corona is not expected to differ by more than 
about a factor of 2 from the modified Allen-Baumbach 
value, even during periods of solar activity except possibly 

JPL TECHNICAL REPORT 32-1401 9 



Distance 
from sun 
center R, r solar radii 

Plasma 
frequency 

fPt 

10' Hz 1 ;  
20 

Gyro Collision 
Plasma frequency/ Gyro frequency/ 

frequency frequency signal frequency signal frequency 
fP/f f * / f  

fm fc, 
10' Hz 1 o - ~  H~ 

Table 1. Typical "quiet" sun values of pertinent plasma parameters in the 
solar corona a s  a function of distance from center of sun 

5.109 

1.583 -0.0778 

0.9048 -0.0280 

-0.0070 0.4491 

Electron 
density 

N, 
10" m-' 

-~ 

2.1 6 0.00223 -0.00014 

0.208 0.00069 -0.00003 

- 0.00039 - 0.00001 

- 0.00020 - 

3.237 

0.31 10 

0.1016 

0.02502 

Magnetic 
field 

magnitude 

0,  G 

0.1 11 1 

0.0278 

0.01 00 

0.0025 

in localized regions. The low-collision frequency implies 
minimal signal attenuation. 

8. Ray Paths in the Solar Corona 

The analysis of Faraday rotation in the solar corona 
requires a knowledge of the ray path through the solar 
corona. The sophisticated techniques (Refs. 30,31) usually 
required for the ionosphere are not necessary at the 
distances from the sun considered in this experiment. 
The following analysis assumes a solar corona model with 
radial symmetry composed of uniform stratified layers. 
The geometry is shown in Fig. 2. By Snell's law, when 
the ray goes from a stratified medium with index of 
refraction ni-l  to that with ni 

Using the law of sines 

A ray-tracing computer program (see Appendix A) with 
double precision arithmetic has been written that employs 
these equations. The modified Allen-Baumbachl electron 
density (applicable for R > 2) is used to estimate the 
index of refraction with the equation ( N  in m-3) 

'The conclusions of this section are not affected by the "new" elec- 
tron density derived in Section VI [Eq. ( 113)l. 

10 

SUN 

Fig. 2. Geometry used to calculate ray path in a radially 
symmetric solar corona model with uniform stratified 
layers 

where 

f = signal frequency, Hz 

Bending of the ray is away from the sun since n is less 
than unity (assuming w p / o  < 1) in the portion of the solar 
corona of interest. A sample printout is shown in Fig. 3 
for an initial offset A of 3 solar radii using a step size of 
A+ = 1 deg. Using smaller increments does not signifi- 
cantly affect the results. 

Verification of the stratified layer ray-tracing computer 
program was obtained by an independent solution. 
Bracewell (Ref. 32) gives a solution for the ray (assuming 
spherical symmetry) 
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FREIQULNCY (MHZ)  = 2292.036 

HAY OFFSET (SOLAR R )  = 3.090 (Y-A)=RHO(I)*SIN(PHI(I))-RAY OFFSET 

P H I  INCREMENT (OEG. )  = 1.00000 RHO ( I )-A = RHO ( I )  -RAY OFFSET 

U l L h _ . L 7 L ! X X Q ! L  ~_______ 16 
2 1.97116 07.21825 87.21825 .on~)nn 1.97116 -.34694470-17 84.21825 

22 21.97116 a.01639 ~.111839 -43585-08 21.97116 e12699743-06 5.01839 
12  11.97116 14.46345 14.46345 069438-08 11.97116 035733017 -07 11.46345 

32 31.97116 5.66580 5.66580 .4 r l in6 -0~  31.97117 .28835271-06 2 66580 
42 41.97116 4.48534 4.48594 -471069-08 41 -97118 e56329761-06 1 . 48594 
52 51.97116 3.80855 3,80855 60 273-08 51 97 120 10385838-05 80855 
62 61.97116 3.39862 5.39862 .76132-08 61.97 125 -18488637-05 39862 
72 p71197116 3.15491 ?3315491 .9n953-0~  71.97133 r31674199-05 15491 
82  81.97116 3.02970 3.02970 . ini38-07 81.97143 -51869480-05 02970 
92 91.97116 3.0017a 3.00170 10505-07 91.97154 081018743-05 .00178 

112 111.97116 3.23497 3,231r97 .90710-08 111.97174 017442887-04 - 23497 
122 121.97116 3.53645 3.53645 .76142-08 121.97180 ,24481715-04 .53645 

102 101.97116 3.06671 3.06671 .10118-07 101.97165 .12108586-04 06671 

132 13r.97116 ~ 4.03512 _4J3!ipL2_ ,60972-08 131,97184 *33969031-04 1.03512 
142 141.97116 4.86975 4.86375 ,49176-08 141.97186 ,47558246-04 1 86975 
152 151.97116 6.38427 6.3(3427 .4513@-08 1S1.97186 -69442034-04 3 38427 
162 161.97116 9.69356 9.69356 eS6472-08 161.97187 .11331546-03 6.69356 

~- 172 -p-.p 171.97116 ~- .~ 21.48084 2&490&34 ,12578-07 171097186 ,26130458-03 18. 88084 

PHl(N) = 179.19039 

P H I ( S T R A I G *  LINE) = 179.19109 
- 

Fig. 3. Sample computer output for stratified layer ray path program 
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The closest point of approach or “turning” point is solved 
from the relationship 

n,R, = A 

where 

R,  = turning point radius 

na = index of refraction at R, 

The value of 9 at the turning point is given by 

P m  

The ray path is symmetrical about +a so that the “image” 
4 is given by 

9i = 24, - 4 

These equations were also programmed (see Appendix B) 
using a standard integration subroutine. A sample print- 

out that indicates the close agreement is shown in Fig. 4 
using the same parameters as the stratified layer program. 

The difference in angle between the computed ray 
path and that assuming a straight line from the probe to 
the earth is 0.0007 deg. The difference is less at larger 
initial offsets. The antenna pointing error to the space- 
craft is reduced by approximately one-half, or less than 
0.0004 deg (since the earth-spacecraft distance is approxi- 
mately twice the earth-sun distance). This indicates that 
the bending of the ray due to the solar corona at the 
distances from the sun of interest for this experiment is 
not significant. Furthermore, the bending of these magni- 
tudes cannot be experimentally resolved with antenna 
boresight methods (see Section 111). The Faraday rotation 
through the solar corona at distances from the sun investi- 
gated in this experiment can, therefore, be computed with 
sufficient accuracy along a geometric straight line ray path. 

C. Faraday Rotation in the Solar Corona 

The primary goal of the theoretical analysis of this 
report is the calculation of Faraday rotation of a CW 
signal traversing the solar corona. This calculation is 

FHLQUENCY (F),MHL = 2292.03600 PHI(A) = 89.999645 
- . ~ ~. - -_ - -. -~ - 

H A Y  OFFSLT (AItSOLAR RADII = 3.00 R ( A )  = .3~00007~5ii7+001 

H IhCRtMEN1,SOLAH RADIX = 10.000 

I 19 l Y c L L M  ,90971 1 7 9 & % 5 8  ~ ~ 

20 L00.00 ,859‘17 179.13982 

Fig. 4. Sample ray path output computed with identical parameters used in the stratified layer program 
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traditionally made with Eq. (30) and the longitudinal 
component of the magnetic field. The following “exact” 
analysis assumes a solar corona model composed of 
uniform stratified sections. The term “exact” refers to the 
following derivation that employs a generalized coordi- 
nate system. Collisions and reflections are neglected and a 
straight line ray path is assumed. The assumptions 
regarding collisions and a straight line path have been 
discussed in Subsection B. The effect of reflections at 
S-band frequencies in the solar corona is known experi- 
mentally to be small. Goldstein (see Ref. 49) demonstrated 
during the Pioneer VI occultation that, although the re- 
ceived signal suffered doppler broadening, the total 
received power as measured by integrating the total signal 
spectrum was not attenuated. 

The generalized coordinate system applicable to the 
Pioneer VI solar corona geometry is shown in Fig. 5. 
The transverse electric field in a uniform ith section is 
obtained from Eqs. (56) and (57) 

E(.!$) = Re { [(&az + ia,) (A’ + iB;) exp (ik:.!) 

+ (a, = iR:a,) (A: + iBY) exp (iky.!)] exp (-id)} 

(67) 

where the relation 

is used. The quantities in Eq. (67) are all real and finite. 

where 

PROPAGATION t DIRECTION 

Fig. 5. Geometry of magnetic field line Bo emanating 
from sun, looking down plane of ecliptic 

The electric field at the output of the ith uniform section 
of thickness s is found from Eq. (67) at I = s. Expanding 
in sines and cosines, collecting terms and taking the real 
part results in 

~i = %(Ai cos w t  + Bi sin ut) + a,(Ci cos ut + Di sin ut) (69) 

Ai = R{A:  COS kis - R!,B{ sin k:s + A: cos kys - By sin kys 

Bi = R:A: sin k:s + R:B< cos kis + A: sin krs + BY cos kys 

Ci = - B!, cos k!,s - A!, sin k;s + R!,BY cos kys + R!,Ay sin kys 

Di = - BI sin k:s + A!, cos k:s + R:BY sin kYs - R:Ay cos kys 

Direct computation of th coefficients as given above requires taking sines and cosines of extremely large arguments 
(on the order of los) when dealing with propagation in the solar corona. Increased computational accuracy cin be 
obtained by using (evaluated at i )  

A = cos k-s [ - (R’B’ + B”) sin k+s + (R’A’ + A”) cos k+s] + sin k-s [ 

B = cos k-s [ 
C = cos k-s [ 
D = cos k-s [ 

(R’B’ - B”) cos k+s + (R’A’ - A”) sin k+s] 

(R’A’ + A”) sin k+s + (R’B’ + B”) cos k+s] + sin k-s [ -(R’A’ - A”) cos k+s + (R’B’ + B”) sin k+s] 

(R”” - A’ ) sin k+s + (RIB’’ - B’ ) cos k+s] + sin k-s [ (R”” + A’ ) cos k+s - (E”’’ + B’ ) sin k+s] 

(R’B” - B’ ) sin k+s - (R’A’’ - A’ ) cos k+s] + sin k-s [ (R’B’’ + B’ ) cos k+s + (R’A’’ - A’ ) sin k+s] 
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where 

Further computational accuracy can be obtained when (Y2,)/[2(1 - X)Y,] is either very small (condition 1) or very large 
(condition 3). When small, 

When large, 

The a, and ae components of Ei are given respectively by 

(Ei), = (A: + B f ) ’ / ’  and (Ei), = (C: 4- D:)’I2 

The incident transverse electric field from the (i - 1)th section can be written from Eq. (69). 

Re {[(a&, + aeCi-l) + i(a,Bi-l + t ~ ~ D i - ~ ) ]  exp ( - i d ) }  

(72) 

(73) 

Equating with Eq. (67) at I = 0, 

[(a,A + a&) + i(a,B + aJl)]i-l = [(R’a, + iae) (A’ + 93’) + (a, - iR’ae) (A” - iB”)]i (74) 

14 

In the above, the tangential components of the electric 
field vectors were matched at the boundary to the ith 
section neglecting reflections. 

The electric field vector given by Eq. (69) in general 
describes an ellipse. The tilt angle of the major (or minor) 
axis of the ellipse 4 is given by (75) 
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This gives the signal polarization angle at the output of 
the ith section in terms of the signal parameters at the 
input to the section and the plasma parameters in the sec- 
tion. The initial value of 90 deg represents the situation 
of the Pioneer VI signal relative to the plane of the ecliptic. 
The initial conditions are found by assuming an incident 
signal 

E = Eoa, exp (ikel) (77) 

Then assuming Eo = unity, we have [from Eq. (69)l 

A ,  = 1 

B ,  = c, = D, = 0 

The components of the signal along the major (plus 
sign) and minor (minus sign) axes of the ellipse are given 
by (Ref. 33) 

This result can be used to give the polarization ellipse 
ratio (defined in terms of power) 

(79) 

and signal power loss 

The signal loss results from the fact that the receiving 
system is sensitive only to that component of the signal 
along the major axis of the ellipse. 

The preceding equations have been programmed (see 
Section VI) on the Univac 1108 computer (see Appen- 
dix C). The program sequentially steps the solution in + 
from the probe to the earth. The sequence of computations 
are (given A,, B,, C, ,  0,) as follows: 

(1) Calculate A:, A:, B:, and BY from Eq. (75), 

( 2 )  Calculate Az,  B,, Cz, and D, from Eq. (69). 

(3) Repeat (1) for i = 3 and continue. 

The conditions used in Eqs. (70) and (71) are identified 
for each stratified layer in the computation. The layers 

in which these conditions are not satisfied are identified 
as condition 2. Under these conditions, no approxima- 
tions are used in the computations. 

111. Experiment Description 

The Pioneer VI spacecraft (Refs. 34-36) was launched 
into a sun-orbital trajectory on December 16, 1965, from 
Cape Kennedy. The mission was planned for an 8-month 
duration. This limitation was based on the existing com- 
munication capability of the vehicle-to-earth telemetry 
link. The last usable signals were expected on the 85-ft 
antennas of the Deep Space Network (DSN) in August 
1966. The completion of the 210-ft Advanced Antenna 
System (AAS) at the Goldstone Deep Space Communi- 
cations Complex, in March 1966, the implementation of 
a lower noise receiver system, and the reliability of the 
vehicle transmitter has made it possible to track the 
Pioneer VI throughout its orbit around the sun (Refs. 
36 and 37). 

Initially, the linearly polarized signal from the space- 
craft was received by the 85-ft ground antennas with 
circularly polarized feeds. The received power was re- 
duced by a factor of 2 by the polarization mismatch, but 
the possibility of losing the signal entirely because of 
improper orientation was eliminated. The polarization 
loss was eliminated with instrumentation that tracked 
the signal polarization. This was originally developed 
with IF circuitry (Ref. 38). Although satisfactory for 
maintaining signal strength, this instrumentation which 
used an open loop system, did not fulfill the requirements 
for precise polarization tracking because of large phase 
shifts (20-30 deg) occurring in the masers with changing 
antenna elevation angle. The final system used for the 
Faraday rotation experiment was a remotely rotatable, 
RF linear feed. This closed-loop polarimeter (see 
Section IV) was developed and implemented so that the 
orientation of the polarization could be automatically 
tracked. This system maximized the received signal 
strength and yielded precise received signal polarization 
data. 

The telemetry signal from the Pioneer VI spacecraft 
passed through increasingly dense regions of the solar 
corona as the earth-probe line of sight approached the 
sun. Since the linearly polarized high-gain antenna of 
the spacecraft was spin-stabilized with respect to the 
plane of the ecliptic, it was possible to measure rotation 
of the plane of polarization produced by the interaction 
of the microwave signal with the magnetized plasma 
of the propagation medium. 
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The polarization measurements became increasingly 
difficult as the sun-earth-probe (SEP) angle (i.e., elonga- 
tion) decreased. The difficulty resulted from both the 
increase in system temperature from solar microwave 
radiation and the spectral broadening of the carrier 
produced by distortion in the solar corona. Measurements 
of polarization angle with the automatic tracking system 
began on October 26 and continued during the Gold- 
stone view periods until November 17 when the signal- 
to-noise ratio deteriorated below the useful level. From 
November 21 (06:OO PST) through November 24 (1O:OO 
PST), 1968, Pioneer VI was geometrically occulted by 
the photosphere. The signal was reacquired on November 
29 and the experiment was continued until December 8 
when the station was assigned to the Apollo 8 mission. 

A. Description of the Pioneer VI Spacecraft 

The Pioneer VI (see Ref. 36) spacecraft (Fig. 6) is 
cylindrical in shape and contains three booms, an antenna 
oblique to the spin axis (Stanford experiment) aft of the 
spacecraft, and a mast antenna on the cylinder axis of 
the spacecraft. This mast structure contains the high- 
gain antenna that was used for this experiment. The 
structure consists basically of a central equipment plat- 
form, three deployable booms, supporting rings for the 
solar array, the antennas, boom, and platform dampers, 
and necessary support equipment. 

All of the spacecraft electronic equipment and most 
of the scientific instruments are located on the equipment 

SOLAR ARRAY 

WOBBLE DAMPER 

1 r37.3 in. DIAM 

ORIENTATION 
NOZZLE 

Fig. 6. Pioneer VI spacecraft in flight configuration 
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platform. The platform is an aluminum panel approxi- 
mately 37 in. in diameter located aft of the forward edge 
of the cylindrical solar array. 

The three booms are designed to give a net moment 
of inertia about the principal axis such that the spacecraft 
is gyroscopically stable when spinning about that axis. 
These booms are equally spaced 120 deg apart and are 
hinged to the equipment platform. The wobble damper 
is on one of the booms. 

The spacecraft is spin-stabilized at 58 rev/min with 
the spin axis nominally normal to the plane of the ecliptic. 

B. Vehicle Antenna and Orientation 

The Pioneer VI high-gain antenna extends approxi- 
mately 52 in. above the solar array and is supported by 
six struts attached to the equipment platform. This 
antenna is a linearly polarized Franklin array with the 
electric field vector on the spin axis. This design with 
linear polarization provided the required system per- 
formance with minimum weight and minimum cost.' 
The beam of the antenna is axially symmetric with re- 
spect to the spin axis and has a width of approximately 
35 deg at the half-power points. The spacecraft trans- 
mitter uses a 7.7-W traveling-wave tube excited by a 
solid-state driver. The transmitted frequency is 2292.036 
MHz. The signal power received from Pioneer VI by 
the 210-ft antenna during the experiment was nominally 
approximately 4 X W. 

C. Orbit Determination and Description 

The conic orbit parameters of the Pioneer VI spacecraft 
are given as follows: 

Parameter Value 
-~ 

Period 311.33 days 
Semimajor axis 134,484,630 km 
Eccentricity 0.0941610 
Inclination 0.1693 deg 
Longitude of ascending 260.35 deg 

Argument of perihelion 2.78 deg 
Epoch of perihelion 

node 

02:54 GMT, May 20,1966 
passage 

*Dickenson, L., private communication. 
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Figure 7 shows an ecliptic plane projection of the 
spacecraft position relative to the sun-earth line. 

1 /70 

The orbit is fairly accurately known from the pointing 
and doppler data of the DSN tracking stations. Right 
ascension and declination are computed from the JPL 
SPACE (Ref. 39) computer program with initial condi- 
tions obtained from P10-6023 with an epoch of 
24:00:00.000 GMT-on January 8,1967. The initial condi- 
tions were obtained from 200 data points (from days 
239 and 249, 1967) of two-day doppler data from the 
Mars station. Figure 8 shows a plot of the Mars station 
pointing right ascenion corrections (no corrections were 
needed for declination since these offsets were smaller 
than the right ascension errors and less critical to the 
experiment) to the predicts. A least-squares computer fit to 
the data (computer program CTS 40, see Appendix E) is 

ARA = 0.0643 - 0.0003543 T (81) 

where 

ARA = right ascension correction, deg 

T = time in 1968 decimal days 

These pointing data (32 data points over a 43-day period 
ending on December 8, 1968) has a la spread of 0.004 
deg. These data are obtained by pointing the antenna 
off target in both directions in right ascension for equal 
signal degradation and algebraically determining the 
correction. The technique is limited by the Pioneer VI 
signal-to-noise ratio in the receiver. Three data points 
identified in Fig. 8 were not used in the computer fit 
because of the poor quality of the data, which was caused 
by poor signal-to-noise ratio near the sun. Refraction of 
the signal caused by the solar corona is not significant 
for these calibrations (see Section 1I.B). The correction 
to the orbit predicts was considered necessary because 
of the long time span between the PI0602 data used for 
the predicts and the occultation experiment. 

These corrections are applied to the predicts of the 
JPL SPACE trajectory program (see footnote 4) to com- 
pute the position of the Pioneer VI relative to the sun 
in the plane of the ecliptic. A Cartesian coordinate system 
axis rotation (see Fig. 13a) of E about the x-axis (which 
is aligned with the vernal equinox) is given by 

'Reynolds, C. W., Conditions of the Latest Pioneer VI Updated Orbit 
( PI0-603), Memorandum 312.9-156. Jet Propulsion Laboratory, 
Pasadena, Calif., Dec. 1967. 
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Fig. 7. Projection of Pioneer VI orbit on plane of 
ecliptic relative to earth-sun line 

x€ = X ,  

Y ,  = YE COS E 3- Z, sin E 

z, = - Y ,  sin E + z, cos E 

where 

X, ,  Y,, Z, = Cartesian coordinate system in plane of 
the ecliptic with X, along the vernal 
equinox 

X,, Y E ,  Z, = Cartesian coordinate system in the earth 
equatorial frame with X, along the vernal 
equinox 

These equations transform from the earth equatorial 
frame to space fixed in the plane of the ecliptic. The 
Cartesian coordinates of the probe in the earth equatorial 
frame is 

X E p  = Rp COS Sp COS ap 

YEP = Rp COS 8, sin ap 

Z E p  = Rp sin 8, 
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where The SEP angle (Fig. 9) found from the vector dot 
product of Rs and ILp is 

R, = earth-probe distance 

6, = probe declination (angle between the vector to 

a, = probe right ascension (angle between the vector 

the probe and the equatorial plane), deg 

to the probe and the vernal equinox), deg 

Substitution into Eq. (82) yields the coordinates of the 
probe in the ecliptic frame: 

Xp = Rp COS 6, COS up 

Yp = Rp (cos 6, sin 6, cos E + sin 6, sin E) (84) 

2, = R, (-cos 6, sin 6, sin E + sin 6, cos E) 

A similar expression is obtained for the position of the 
sun in this coordinate system. 

PROBE 

POINT OF GEOMETRIC 
CLOSEST APPROACH 

pc OF R A Y \  

EARTH 

PLANE OF 
ECLIPTIC 

P,(X,Z) 

Fig. 9. Coordinate system used to calculate Pioneer VI  
probe position relative to sun in plane of ecliptic 

(85) 
XSX,  + YSYP + zsz, 

RsR, 
cos (SEP) = 

The additional parameters (Fig. 9) required to describe 
the Pioneer VI propagating signal path relative to the 
sun are 

R,, = earth-Pc (geometric point of closest 
approach of ray to sun) distance = 
R, cos (SEP) 

R = sun-Pc distance = R, sin (SEP) 

X = (RZ - 2 2  1 / 2  1 
R,, = sun-probe distance 

= [ E :  + R g -  2RsRpc0~ (SEP)]'/' 

Computation with these equations (see Appendix E, 
program CTS 41) and the data from the JPL SPACE 
trajectory computer program corrected with Eq. (81) 
result in the parameters tabulated and plotted in Figs. 
10 and 11. Time in GMT is used for these data and 
distance is expressed in solar radii (6.9598 X lo8 m). 

D. Received Signal Polarization Coordinate 
Transformation 

The problem considered here is the determination of 
the signal polarization referred to the plane of the 
ecliptic from polarization data measured at a local station 
using an az-el antenna. The measured polarization angle 
6, is defined (see Ref. 27) as ccw looking toward the 
probe (Fig. 12) relative to the local horizon. For example, 
if the E vector of the received signal is in the plane 
containing the observation point, zenith, and probe, the 
polarization angle will be 90 deg. 

The solution is found through the equations trans- 
forming the coordinate system between the plane of the 
ecliptic and the local station (Ref. 40). The rotation from 
the equatorial frame to the plane of the ecliptic, both 
earth centered and space fixed (Fig. 13a), is given in 
matrix notation [from Eq. (82)] 
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Fig. 11.  Projection of Pioneer VI orbit perpendicular to plane of ecliptic relative to sun 

1 0 

0 cos E sine 

0 -sine COSE 

= Cartesian coordinates of probe in equa- 
torial system, referred to vernal equinox 

(R,)  = y, = Cartesian coordinates of probe in the (1:) ecliptic plane 

E = angle between the equatorial plane and 
the plane of the ecliptic 

The rotation in the equatorial frame from earth-fixed to 
space-fixed coordinates is accomplished with (Fig. 13b) 

where 

cos y ( t )  -sin y ( t )  0 

[ a 4 2 1  = [ C O T @ )  :] 
/"\ 

= Cartesian coordinates of probe in equa- 
torial system referred to Greenwich 
longitude 

y ( t )  = angle between the vernal equinox and 
Greenwich longitude 

The transformation from the probe coordinates in terms 
of the station local coordinates (Fig. 13c) are given by 
(this rotation in longitude provides the proper coordi- 
nates for an HA-dec antenna pointing system) 

where 

cos 8 -sin 8 0 

[ M , ]  = [ si;8 c y  8 ;] 
= local station Cartesian coordinates of 

probe: perpendicular earth N-S pole, 
east, and north 

0 = station longitude (referred to Greenwich 
longitude) 

The final rotation (Fig. 13d) in station latitude (useful 
for az-el antenna pointing systems such as used by the 
Mars station) 

where 

M4 = 

sin+ 0 cos+ 

0 1 0 

-cos + 0 sin+ 
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POLARIZATION, 90 deg 
(UP TOWARD ZENITH) 

IN_COMING 
E VECTOR 

LINE OF POLARIZATION 
SIGHT ANGLE, 0 deg 
TOWARD I 
PROBE 1 

Fig. 12. Pictorial representation defining measured 
polarization angle looking along line of sight toward 
probe 

EARTH 
N-S POLE 

( a )  ROTATION IN SPACE-FIXED 
% ,  

COORDINATES BETWEEN THE 
ECLIPTIC PLANE AND THE 
EQUATORIAL PLANE 

EARTH 
N-S POLE 

NORTH 

(1") = y" = local station Cartesian coordinates of (I:) probe: in horizon, east, vertical 

4 = station latitude, deg 

The probe position in station az-el coordinates (u,y) gives 
the vector from earth to probe 

rp cos y cos u 

(TP) = (z) = ( rp cos y sin u) 

r, sin y 

where 

rP = station-probe distance 

Defining the unit vectors (Fig. 14) 

EARTH 
N-S POLE 

1 z E ' z  

x{Gp;;;;;;DE 
EQUINOX 

(b) ROTATION BETWEEN SPACE - FIXED 
AND EARTH - FIXED FRAME 

EARTH 
N-S POLE 

LOCAL ~~ ~ 

STATION 

LOCAL STATION 

EARTH 
CENTER 

Y 

x 

NORTH 
VERTICAL 

\EARTH 
CENTER 

( c )  ROTATION FROM GREENWICH 
TO STATION LONGITUDE 

( d )  ROTATION OF AXIS TO 
STATION LATITUDE 

Fig. 13. Cartesian coordinate systems used to sequentially transform 
between ecliptic plane and local station coordinates 
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STATION 

CENTER 

uxs 
u x s  sinp = - = - 

E r P  

rp 

Fig. 14. Vectors used to relate probe polarization in 
ecliptic plane to that measured at local station 

(95) 
x" component 

x" component 

where 

r = vector from earth center to local station 

k, = unit vector perpendicular to plane of ecliptic 

The vectors s and u (Fig. 15) are both perpendicular to 
the station-probe line of sight. In addition, s is parallel 
to the plane of local horizon and u is parallel to the 
plane of the ecliptic. 

The signal polarization (nominally perpendicular to 
the plane of thc 
local horizon is 

where 

T = signa 

ecliptic4) referred to the plane of the 

.=e, , -p  (93) 

polarization referred to u, deg 

e, = signal polarization referred to a, deg 

p = the angle between the vectors s and u, both 
perpendicular to the station to probe line of 
sight, deg 

'Measurement of the signal polarization (see Section IV) presently 
provides the most accurate method (approximately 0.1 deg) of 
determining spacecraft orientation. 

I N-COMING 
E VECTOR 
POLARIZATION OF 
PROBE 

(PARALLEL TO 
PLANE OF ECLIPTIC) 

STATION-PROBE 
LINE OF SIGHT 

Fig. 15. Polarization angle relationships looking 
along station-to-probe line of sight 

It is not satisfactory to obtain the angle p from the dot 
product of s and u since the cosine relationship loses 
the sign information required when p goes through zero. 
Define the vector 

where 

r P  

TP 
E = unit vector - 

Then since u X s and E are parallel to each other 

With the aid of previous transformations, we have 

where 

k,, K, = unit vectors perpendicular to plane of eclip- 
tic in earth-fixed coordinates (see Fig. 13d) 
and space-fixed coordinates (see Fig. 13a), 
respectively. 
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Then 

s = - (isinu + jcosu) 

ia, + ja, + ka, 
(a: + a; + a:)ll2 

U =  

=P - = i cos u cos y + j sin u cos y + ksiny 

where from Eq. (96) 

a, = k, sin7 - k, cos y sin u 

a,= -kk,cosycosa-kxsiny 

a, = k, cos y sin u + k, cos y cos u 

k, = - [sin 9 cos 0 sin y(t) sin E 

+ sin 4 sin e cos y(t)  sin E 

+ cos 4 cos E ]  

k, = sin e sin y(t)  sin E - cos e cos ~ ( t )  sin E 

k, = - cos 4 cos 0 sin y(t)  sin E 
- cos 4 sin e cos y(t)  sin E 

+ sin 4 cos E 

Then 

a, 
cosy (a2 + a; + a y 2  

- 

p = sin-I 

(97) 

(98) 

This is used with Eq. (93) to refer the measured polariza- 
tion at the local station to the plane of the ecliptic. These 
equations have been programmed (see Appendix D) for 
the 7094 computer. A sample printout is shown in Fig. 16 
for Pioneer VI data taken on November 2, 1968. The 
program prints every point and also averages and gives 
an output for blocks of 20 points every 10 s. 

IV. S-Band Polarimeter and Associated 
Instrumentation 

As indicated in Section 111, a closed-loop polarimeter 
was developed and implemented so that the polarization 
of the signal received from the Pioneer VI spacecraft 
could be automatically tracked. A discussion of system 
description and performance follows. 

A. Equipment Description 

The S-band multifrequency Cassegrain feed cone (des- 
ignated SMF cone) was modifled (Figs. 17 and 18) to 

24 

provide a polarization capability to the receiving system 
(Refs. 41 and 42). The cone was installed on the 210-ft 
antenna at the Mars station, on September 17, 1968. This 
cone can receive or transmit in the right- or left-circular 
or rotating linear polarization mode. The feed system 
employed a dual-mode horn followed by two rotary- 
joint-mounted quarter-wave plates that could be remotely 
oriented. The first quarter-wave plate (Fig. 19) converted 
the linearly polarized signal to one sense of circular 
polarization when the quarter-wave plate was correctly 
aligned with the incident signal. The second quarter- 
wave plate converted the circular polarization back to a 
linear mode, which was then incident on one of the two 
orthogonal output ports of the polarizer. When the upper 
quarter-wave plate was correctly aligned with the in- 
coming signal, all the energy was available at the ref- 
erence channel port. When the quarter-wave plate was 
incorrectly aligned, both senses of circular polarization 
were generated and some of the signal appeared at the 
second polarizer port for injection into the error channel 
of the receiver. Both ports then lead through a wave- 
guide to separate maser preamplifiers, which were oper- 
ated in their own closed-cycle cryostats at 4.2"K. The 
reference channel then went from the maser to the nor- 
mal space communication configuration of the receiver 
system. The output of the error channel maser went 
through a receiver system normally used as a monopulse 
error channel. Figure 20 shows a block diagram of the 
overall receiver. After amplification at intermediate fre- 
quencies, the outputs of the reference and error channels 
were used to produce a voltage that indicated both the 
direction and magnitude of the misalignment of the upper 
quarter-wave plate. This voltage was used to drive the 
servoelectronics, which then caused an electric motor to 
rotate the upper quarter-wave plate. The upper quarter- 
wave plate was coupled to a digital shaft encoder which 
was used to generate angular data for digital recording. 

The reference signal of the polarization error detector 
(Fig. 20) is continuously shifted in phase by twice the 
angular rotation of the polarizer. This is required to 
account for the phase shift with rotation in the R F  
polarizer. A photograph of the polarization tracking 
servosystem control panel and readout instrumentation 
is shown rack mounted in Fig. 21. This equipment is 
located in the Mars station with the receiver and asso- 
ciated instrumentation in the control room. 

B. Performance Characteristics 

Space communication low noise systems have been 
thoroughly investigated in the literature (Ref. 43). 
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Fig. 17. Interior of SMF feed cone 
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Fig. 18. Simplified block diagram of S M F  feed cone 
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Fig. 19. S-band quarter-wave plate used in SMF 
feed cone polarization instrument 
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Fig. 20. Block diagram of S-band receiver system 

28 JPL TECHNICAL REPORT 32-1401 

___ 



Fig. 21. Photograph of SMF feed cone 
polarization tracking console 

The sensitivity of a low-noise receiving system is usu- 
ally evaluated in terms of its operating noise temperature 
Top. With a received signal power Ps, the signal-to-noise 
ratio is then 

where 

k = Boltzmann’s constant = 1.38054 X 

B = overall bandwidth defined to the point of use, Hz 

J/ K 

J P L  TECHNICAL REPORT 32-1401 

The received power is a function of incident power 
density Psi and antenna gain or effective collecting area. 

where 

A = antenna area, m’ 

7 = antenna efficiency 

The incident power is, again, a function of spacecraft 
antenna gain and transmitter power and space loss. The 
receiver and transmission line components contribute to 
the system operating noise temperature and are usually 
evaluated separately for both temperature contributions 
and match performance. 

Parameters of interest in the polarimeter hardware are 
loss, ellipticity, null depth, and match performance. The 
overall performance of the system operating as a polarim- 
eter is given in terms of angle resolution. This has been 
adequately treated in detail5 and shows that for the 
closed-loop system used for this experiment 

a, = 

where 

( T ~  = standard deviation of polarization angle 
measurements, deg 

(Top)E = operating noise temperature of error chan- 
nel, K 

Top = operating noise temperature of reference 
channel 

B T  = bandwidth, Hz 

Q = constant obtained from servosystem damp- 
ing N 0.6338 

T = effective system time constant, s 

For this system [ BT N 12 Hz, P, N - 165 dBmW, ( ToJE  
= Tu, + 81, the approximate relation 

1 / 2  

U e N  (+) 
501~ls~n,  J. E., and Stelzried, C. T., “A Tracking Polarimeter for 
hleasuring Solar and Ionospheric Faraday Rotation of Signals from 
Deep Space Probes,” article in preparation, Jet Propulsion Labora- 
tory, Pasadena, Calif., 1969. 
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is useful. The operating noise temperature is not constant 
but increases in this experiment as the spacecraft ap- 
proaches the sun because of the noise contribution of the 
sun in the sidelobes of the antenna beam (Ref. 44). 

C. Overall System Description and Performance 

Considerable RF testing was performed on the SMF 
cone. Table 2 summarizes the reflection coefficient mea- 
surements of the antenna feed system. The measurement 
reference points are defined in the detailed block diagram 
in Fig. 22. 

The reference maser noise temperature (see Ref. 42) 
was calibrated with waveguide input helium cooled (see 
Fig. 17) and ambient terminations by Y-factor techniques. 
This resulted in a calibrated maser noise temperature of 
4.5 K. The total system operating noise temperature of the 
cone on the ground was measured to be 18.5 K. The total 
operating system noise temperature was increased with 
the cone on the antenna to 22.5 K. Both of these measure- 
ments were made with the antenna pointed toward the 
zenith and using the reference maser. The calibration on 
the antenna consisted of averaging 52 measurements using 
the ambient load Y-factor technique. The standard devi- 
ation of the measurements was 0.6K. The operating noise 
temperature was also continuously monitored with a chart 
recorder during the experiment. It was found that the 
contribution of the sun not only increased as the probe 
approached the sun (Fig. 23) but was also a function of 
the time of day., The minimum and maximum values are 
indicated on the graph. The variation is caused by the 
absence of axially symmetric antenna sidelobes. Figure 24 
indicates this variation with 4 (defined in Fig. 25). 

The overalI angular measurement performance of the 
polarimeter servo system was determined by evaluating 
three days of averaged data. The computer program 
provides punched cards, each of which represents an 
average of 20 data points each taken every 10 s .  These 
points were further averaged in groups of five. The stan- 
dard deviation of these averages is plotted and averaged 
in Fig. 26. There is undoubtedly some Faraday rotation 
of the signal due to the solar corona during these three 
days. However, the effect is small (see Fig. 33) and an 
upper limit is established. The average standard deviation 
for the 2004 data for the three days is 0.36 deg. This is in 
reasonable agreement with 0.5 deg calculated from 
Eq. (101) using To,  = 50K and T = 200 s. The standard 

“Bathker, D. A., et al., “A Multipurpose Feed System for Deep Space 
Applications,” article in preparation, Jet Propulsion Laboratory, 
Pasadena, Calif., 1969. 

deviations of the actual polarization angle measurement 
during the experiment and that predicted from Eq. (101) 
with the polarimeter operating in the near corona are 
shown in Fig. 27. The experimental performance is deter- 
mined from a daily average of 200-s data. The agreement 
is quite good over the operating range of the experiment. 

Although signal attenuation is not significant in this 
region of the solar corona, there is considerable spectral 
broadening of the signal (see Ref. 21). This results in an 
effective attenuation since the total energy is not totally 
contained within the narrow band of the locked loop of 
the receiver. It is expected that the measured performance 
of the polarimeter should be degraded slightly from that 
predicted for the following reasons: 

(1) Perturbations in the spectral broadening of the 
signal in the near region of the solar corona cause 
difficulties with the polarimeter tracking loop. 

(2) The receiving system is continually dropping lock 
during this period. 

(3) Because the signal-to-noise ratio is less than 5 dB 
in this region, the assumption in the analysis of a 
linearized error signal is no longer valid, the 
“theoretical” formula based on a “high signal-to- 
noise ratio assumption gives an optimistic result. 

Performance data are not available closer than about 
4 solar radii because the receiver was not able to lock up 
on the signal in this region. 

V. Experimental Results 

The experiment (Ref. 45) consisted basically of con- 
tinuous measurement of the received signal polarization 
before and after Pioneer VI was occulted by the sun. 
This was accomplished by digitally recording time and 
the position of the microwave feed quarter-wave plate 
every 10 s .  These angle data were then converted to the 
plane of the ecliptic with the signal polarization coordi- 
nate transformation computer program (see Appendix D). 
A nominal 30-s time constant was used in the servo loop 
in the initial stages of the experiment. 

The data for October 26-29 are shown in Fig, 28. Polari- 
zation angles are presented as a function of time for 
observations of Pioneers VI ,  VII, and VI11 during the 
period October 26-29. Each point is an average of 20 
samples for 200-s averaging. The most conspicuous feature 
of this graph is the diurnal variation due to the earth 
ionosphere. The ranges of Pioneers VI, VII, and VI11 
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Table 2. Tabulation of the SMF feed cone antenna reflection coefficient measurements 

CP 

CP 

I Antenna polarization I Maximumlmini- 

0.0367 f0.0015 0 2 70 

0 0 0.0394 fO.0016 

Input-to-output path' 

CP 

CP 

mum voltage 
reflection 

coefficients 

~ 

0 2 70 0.0462 fO.0018 

0 0 0.0432 f0.0017 

Part A to feedhorn output 
via switches 2 and 4, 
diplexer, switches 3 and 1, 
and lower orthomode 
transducer 

Part A to feedhorn output 
via switches 2 and 4, 
diplexer, switches 3 and 1, 
and upper orthomode 
transducer 

~ 

43.7 0.0014 f0.0002 
143.0 0.0891 f0.0030 
233.0 0.001 5 --f0.0002 
3 15.0 0.0891 k0.0030 

49.6 0.0015 f0.0002 
136.6 0.0902 f0.0030 
229.8 0.001 5 -t0.0002 
318.3 0.0891 f0.0030 

CP 0 2 70 0.061 7 f0.0022 

CP 0 0 0.0638 f0.0023 

37.1 0.1 023 &0.0033 
132.2 0.01 26 *0.0007 

315 66.4 0.1 000 50.0032 
330.6 0.01 26 *0.0007 

45 

LP 

315 

45 
LP 

Receive modeb 
Antenna line configuration Upper plate 

indicated' angle, 
lower plate 
angle, deg 

I I I 

I RCP I 0 I 270 I 0.0172 f0.0008 

Maser 2 
Normal receive path 

(reference channel) 

I 0.01 72 fO.0008 I LCP I 0 1  0 

Part A to feedhorn output 
via switches 2 and 1, and 
lower orthomode 
transducer 

~ 

LP 

25.0 
110.8 
209.2 
299.4 

0.0359 k0.0015 
0.0562 f0.0021 
0.0359 50.001 5 
0.0562 f0.0021 

71.4 
169.4 
254.2 
336.8 

0.0363 f0.0015 
0.0575 k0.0021 
0.0355 f0.0015 
0.0569 f0.0021 

Part to feedhorn output 
via switches 2 and 1, and 
upper orthomode 
transducer 

49.6 
136.7 
234.2 
315.0 

0.0822 *0.0028 
0.01 10 k0.0006 
0.0851 f0.0029 
0.01 1 1  *0.0006 

Maser 1 
Orthogonal polarization 

path 
45 

LP 
42.3 
132.5 
224.2 
315.0 

0.0822 f0.0028 
0.01 12 f0.0006 

0.01 1 1  f0.0006 
0.0822 f0.0028 315 

Maser 2 
Orthogonal polarization 

path 

Maser 2 
Normal receive path (error 

channel) 

~ 

"Path is  shown i n  detail i n  Fig. 22. 

bRCP = right-circular polarization; LCP 

clndicated upper plate angle is  -45 dag with respect to the actual angle of the upper plate. 

left-circular polarization; LP =: linear polarization; CP = circular polarization. 
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VERTICAL POLARIZATION (W deg) 

WAVEGUIDE SWITCHES 

A AS SHOWN (ALL SWITCHEQ 
B 45-deg CW (3 POSITION SWITCHES ONLY) 
C 90-deg CW (ALL SWITCHES) 

REFERENCE PORT 

A MASER 1 INPUT (WR 430) 

A A ANTENNA OUTPUT (WR 430) A ANTENNA OUTPUT (WC 504) 

A ANTENNA OUTPUT (WC 504) 

A CRYOGENIC LOAD (WR 430) 

A AMBIENT LOAD (WR 430) 

A MASER 2 INPUT (WR 430) 

A MATCH MEASUREMENT (WR 430) 

- - WAVEGUIDE INTERFACE PORTS 

FEEDHORN 
APERATURE PROBES 

POWER 
SPLITTER - MODE GENERATOR 

ORTHOGONAL 
POLARIZER 

WC 504 TO WC 354 

TEST 
TRANSMITTER 

LOWER (REFERENCE 

1 ,---------------------- - 
FUTURE 

2388 MHr I 
LINE 

SWITCH 3 

&--Y- . I 
DIPLEXER 

2 0 6 8  COUPLER 
+ + 

TO 
RECEIVERS 

TRANSMITTER TERMINATION 

REFLECTOMETER POST M A S E R  
SWITCH 4 I 1 1 

BAND STOP 
NOISE BOX FILTER 

SIGNAL GENERATOR 

CRYOGENIC 
TERMINATION 

I 
I 
I 
I 
I 

I 

I 

I 

i 
i 
j 
I 
I 
I 

- - - -__ - - -____-_ - - -  

HARMONIC 

e 

A 3A MODULE 

-- t 
IOdBCOUPLER 

CHANNEL 2 6 6 8  COUPLER 

I 
I 

I I I 

TEST TRANSMITTER 
I 266BCOUPLER .) 
, 

NOISE BOX 

I 1 SHORT1 

2100-MHr LINE I W'! 
FROM RECEIVING SYSTEM t CONTROLS, 

CONTROL ROOM 

Fig. 22. Detailed block diagram of SMF feed cone 
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12 316 320 324 328 332 336 340 344 
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DISTANCE FROM CENTER OF SUN, solar rodii 

Fig. 23. System operating noise temperature To, VJ time and distance from center of sun 

Fig. 24. System operating noise temperature To, vs + 

JPL TECHNICAL REPORT 32-1401 

Fig. 25. Reflector coordinate system 

were approximately 1.9, 1.2, and 0.4 AU, respectively. 
The relative scatter of measurements can be seen to 
increase with increasing range from the earth and, there- 
fore, reduced the signal-to-noise ratio. In the case of 
Pioneer VI, the line of sight of the spacecraft was approxi- 
mately 15 solar radii from the center of the sun so that 
there was also a slight increase in system noise tempera- 
ture due to microwave thermal radiation in the antenna 
sidelobes (see Section IV). 

A. Transient Effects 

Figure 29a shows a plot of polarization angle vs time 
for November 4. Every 10-s measurement point is shown; 
a 30-s servo time constant was used at this time. I t  can be 
seen (see Fig. 11) that the phenomenon labeled A occurred 
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T I M (  GMT 1968), doyr 

I I I I I I I I I I I 
IO 8 6 4 2 0 2 4 6 8 IO 

ENTRY, WEST LIMB 4 EXIT. EAST LIMB A 

DISTANCE FROM CENTER OF SUN, solar radii 

Fig. 27. Polarimeter 2004 angular measurement error (1 a) 
vs time and distance from center of sun 

a 100 
W 

Y 

d 

= 9 0  0 

Z 
4: 

I- 

O PIONEER VI1 4 
3 

300 301 302 303 
' EO 

TIME (GMT 1968), days 

Fig. 28. Polarization (2004 data points) vs time for 
Pioneers VI ,  VII,  and Vlll observations 

at a distance of 10.9 solar radii from the center of the sun. 
The next polarization transient was observed November 8 
and is shown in Fig. 29b. The servo time constant had 
been increased to 300 s. This transient (labeled B in 
Fig. 11) occurred 8.6 solar radii from the solar center. The 
last observed polarization transient shown in Fig. 29c 
occurred November 12. Unfortunately, there was a loss of 
data during 45 min of the early part of this transient 
because of operational problems. This transient (labeled C 
in Fig. 11) occurred at a distance of 6.2 solar radii. The 
three events are shown in one graph in Fig. 30 using 
200-s data for the events and 1OOO-s data for the remainder 
of the data. 

It can be seen that in the first two events, the base line 
is approximately 97 deg. The positive direction of the 
base line above 90 deg is due primarily to the longitudinal 
components of the magnetic field of the earth interacting 
with the electrons in the earth's ionosphere. An increase 
in polarization angle is caused by an increase in the 
electron content of the ionosphere; a decrease in electrons 
could not reduce the angle below 90 deg. Either there 
had to be a change in the sign of the particles in the 
ionosphere or a large concentration of electrons in a region 
where the magnetic field's longitudinal component is 
opposed to the direction of the earth's field in order to 
produce the phenomena observed. The logical conclusion 
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Fig. 29. Pioneer V I  polarization (10-s data points) vs time 
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is that the phenomena were produced by plasma near 
the sun. 

Date 
(Nov 

1968) 

4 

8 

1 2  

The base line was at approximately 87 deg in the third 
event. This was caused by an increase in the steady-state 
plasma density and magnetic field as the line of sight 
approached the sun (see Subsection B of this section). 
Study of the events indicates a “fine structure” at least 
once during each event. This is especially marked for the 
event on November 8 where the rotation has returned to 
almost “normal” for a short period at about 17:30 GMT. 
Goldstein (Ref. 46) used the same antenna to measure 
spectral broadening at the same time these polarization 
measurements were made. Six marked and several minor 
enhanced spectral broadening effects were observed and 
reported during this experiment. There was marked en- 
hanced spectral broadening of the signal simultaneously 
with all three of the Faraday rotation transients. 

from 
solar Faraday 

center, rotation 
solar radii transient 

10.9 17:OO 

8.6 17:30 

6.2 19:OO 

Apparently, the spectrogram technique is more sensi- 
tive than the Faraday rotation measurement for detecting 
these transient effects. Enhancement of spectral broaden- 
ing is consistent with increased plasma density and 
turbulence of the coronal portion of the line of sight. 
The simultaneous measurement of spectral broadening of 
the signal virtually rules out instrumentation problems. 

Bun’ 
intensity’ 

Two possible explanations of the observed transient 
polarization effects7 are: ( 1 )  a moving plasma concen- 
tration that is ejected by the sun, or (2) a quasi-stationary 
structure that is probed by the line of sight. If it is assumed 
that fairly stationary objects are observed, then one dimen- 
sion of these objects can be determined by the time it 
took to sweep through them. Since the durations of the 
events were approximately 2 h and the velocity of the 
line of sight relative to the plane containing the sun was 
approximately one-half solar radius per day, the dimen- 
sions required of these objects would be of the order of 
0.04 solar radius. 

Calculated 
velocity, 
lo3 kmls 

If a high-velocity concentration of plasma ejected from 
the sun were observed, a correlation with surface effects 
would be expected. On the three days that these transients 
were observed, active areas were seen near the west limb 
where the observations were made. These areas were 
observed (Ref. 47) by several different radio frequency 
mapping surveys. The events were not well correlated 
with reported (Ref. 48) optical flares. However, in each 

12:44 

13.05 

14:57 

15:02 

15:22 

16:31 

16:43 

16:47 

1 7 ~ 2 6  

17:46 
‘These transient effects have now been investigated in more 
detail: Schatten, K., “Flare Identification Associated With 
Coronal Disturbances,” Science, Vol. 168, p. 395, April 17, 
1970. 

- 0.45 

- 0.49 

2 0.93 

2 0.97 

2 1.17 

3 1.49 

3 0.44 

2 0.43 

3 0.64 

1 0.82 

case it appears that dekametric noise-burst events pre- 
ceded these transient Faraday rotation phenomena. On 
November 8, the only dekametric events which were 
reported prior to the Faraday rotation transient occurred 
between 16:31 and 16:32 GMT and were classified as 
intensities 1 and 3. On both November 4 and 12, there 
were many bursts. All dekametric bursts (all were type 111) 
that occurred within 11 h before the Faraday rotation 
transient, together with the reported intensity (where 
available), are shown in Table 3. Furthermore, the 
velocity that the plasma clouds must have had if they 
were produced by the same mechanism that produced 
the dekametric noise bursts can be calculated (Table 3). 

Unfortunately, the origins of these dekametric noise 
bursts on the photosphere were not indicated. Because 
only three transients were observed during a period of 
high solar activity, the significance of the correlation with 
noise bursts is not well established. 

Because prominences rarely extend beyond three solar 
radii (see Ref. l), a search for a correlation between 
prominences and the Faraday rotation transients was not 
made. However, since the cause of the transients is 
presently unknown, the correlation with prominences 
should be investigated. 

An intriguing question is raised by the fact that the 
three transient Faraday rotation effects all occur four days 
apart at the same time (to within one hour). It has been 

Table 3. Correlation of the Faraday rotation transients 
and dekametric radio bursts 

Distance Time, GMT 

hkametric 
ioise burst 
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assumed that this is coincidental. The probability of these 
events occurring within the same time span is increased 
by narrowing the observing window. The daily obser- 
vation runs were nominally of about 8-h duration during 
this period. Further, the observation times of the six 
enhanced spectral broadening measurements of the signal 
did not maintain this pattern. 

It is shown in Subsection B of this section that the 
steady-state effect changes sign between “entry” and “exit.” 
An interesting question is what happens to the sign of the 
transient effects. Since no transients were observed on 
the exit, this will have to await future experiments. 

~ 

0. Steady State 

The received signal polarization angles of Pioneers VI 
and VI1 were recorded on magnetic tape at 10-s intervals. 
The computer program provides a punched card output 
that is obtained by averaging 20 data points in both time 
and polarization angle to provide 200-s data points. These 
have been further averaged in groups of five (computer 
program CTS 46, see Appendix E) to provide the 1OOO-s 
data points. Data points that were inconsistent with the 

The culled data, which amounted to possibly 0.1% of 

of the tracking periods and included most of the data 
near occultation. 

I majority of the data were culled before the final averaging. 

the total, were concentrated at the beginning and end I 

The 1OOO-s data are plotted in Fig. 31 (Pioneer VI entry 
to sun on west limb) and Fig. 32 (Pioneer VI exit from sun 
on east limb) for the period November &December 8, 
1968 as a function of day of the year, GMT. The peak-to- 
peak measurement scatter increases near the sun to about 
20 deg on days 321 and 334 (the last day on entry and 
first day on exit, respectively, of usable nonambiguous 
data). The system operating noise temperature varied 
between about 150 and 400 K on these days. The polari- 
zation angle instrumentation has a 180-deg ambiguity 
so that the measurements become meaningless when the 
uncertainty approaches this magnitude. 

I 

Figures 31 and 32 are uncorrected for the earth’s 
ionospheric Faraday rotation. Data for this correction 
were obtained from Faraday rotation measurements 

Technology Satellite 1 (ATS-I) and the Goldstone Venus 
station. The ATS-I, which is in a geostationary orbit over 
the Pacific Ocean at 151”W Ion, transmits a linearly polar- 
ized signal. The received signal polarization is continu- 
ously measured, digitized, and recorded. The result is 
transformed through a suitable model of the earth‘s 

~ 

, through the earth’s ionosphere between the Applications 

magnetic field and electron density distribution to an 
equivalent Faraday rotation in the Goldstone-Pioneer VI 
line of sight (Ref. 49). 

Typically, the rotation due to the earths ionosphere at 
2.3 GHz is less than 1 deg at night rising to about 4-7 deg 
at midday. Figure 33 shows a sample translation for 
day 309. These data are of particular interest since a 
polarization transient “event” (Fig. 29) occurred at about 
17:OO GMT on this same day. Fig. 34 shows several days 
of Pioneer VI polarization data (compare with Fig. 30) 
with a correction (CTS 43 computer program, see Appen- 
dix E) made for the earth’s ionosphere. The correction 
does not bring the measurements to 90 deg, probably 
because of: (1) inaccuracy of correction, (2) the small 
effect of the solar corona, and (3) orientation of the space- 
craft not exactly perpendicular to the plane of the ecliptic. 

The polarization system has the capability of detecting 
ellipticity in the received signal (see Fig. 20). No detect- 
able ellipticity (instrumentation resolution of power axial 
ratio was = 0.1) was observed. The records were inspected 
closely during the time of the transient effects. As shown 
in Section VI (see Fig. 38), the expected ellipticity ratio 
is on the order of 1P0 for a signal passing within 6 solar 
radii of the sun. 

VI. Comparison of the Steady-State 
Measurements With Theoretical Models 

The Parker magnetic field model and the modified 
Allen-Baumbach electron density model for the sun have 
been described in Section I. These static models assume a 
homogeneous and radially symmetric solar corona. The 
actual magnetic fields and electron densities are certainly 
not homogeneous and vary considerably as a function of 
time in both magnitude and distribution. 

The derivations and computations for the Faraday 
rotation through the solar corona for these various static 
models as a function of signal-ray-path offset from the 
sun are presented in this section. 

These static models are useful primarily for providing 
order of magnitude estimates of the Faraday rotation 
through the solar corona. Comparisons of the measured 
Faraday rotation data with computed Faraday rotation 
are presented by the use of measured magnetic field data 
and the modified Allen-Baumbach electron density model. 
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Fig. 32. Pioneer VI exit and Pioneer VI1 polarization angles vs time referred to plane 
of ecliptic; uncorrected for ionospheric rotation 
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Fig. 33. Faraday rotation due to earth's ionosphere 
in Goldstone-Pioneer VI line of sight 
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A. Faraday Rotation in the Solar Corona Assuming Q 

Modified Allen-Baumbach Electron Density and 
Parker Magnetic Field Model 

The differential Faraday rotation of a linearly polarized 
signal in a plasma due to the longitudinal component 
(0 = 0 deg, Fig. 1) of the magnetic field is [see Eq. (30)] 

180 
d% (deg) = - - f i ( s )  fg(s)  ds = cf' 

N(s )  BL(s) ds 
(102) 

where 

f = signal frequency, Hz 

f p  N 8.97837 (N)'/* 

fo  = ~2.799202 X lo6 B L ,  HZ 

N = electron density, m-3 

BL = longitudinal component of magnetic field, G 
c = velocity of propagation in a vacuum, 

Q = 135.4816 
L = unit scaling factor for ds ( L  = 1 if ds in meters, 

2.997925 X los m/s 

N 6.9598 X lo8 if ds in solar radii) 

The total Faraday rotation of the signal due to the longi- 
tudinal component of Bo is given by integrating along the 
path (Fig. 35) shown so that 

For the modified Allen-Baumbach electron density [see 
Eq. (4)] and Parker magnetic field [see Eq. (2)], we have a 
Faraday rotation (due to the longitudinal magnetic field 
component along the propagation path), 

QL 1014 

where 

aL = total Faraday rotation, deg 

P = magnetic field polarity = +1 

PROBE 

T 

EARTH I 
LINE EMANATING FROM 

Fig. 35. Projection on plane of ecliptic of Pioneer VI 
spacecraft signal geometric ray path through solar 
corona and magnetic field emanating from sun 

a L R  = Faraday rotation contributed by radial compo- 
nent of magnetic field from sun, deg 

LILA = Faraday rotation contributed by azimuthal com- 
ponent of magnetic field from sun, deg 

If the field has the same polarity over the total path length 
(+ = 0 to T), the cosine term forces OLE to zero and we only 
have a contribution from the azimuthal component. Con- 
versely, if the field changes polarity at + = d 2 ,  the sine 
term forces to zero and we only have a contribution 
from the radial component. The range of magnitudes of 
the two components can be investigated by integrating 
over a quadrant (+ = 0 to r/2) and solving for the two 
terms separately (in degrees) 

A6 + A? 
T QLIO1* IT'' ( 1.55 sin6 + 
2 f" 
- = 

Bo sin2 + cos + Ad+ 
A2 sin2 4 X 
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- 397440 5983.0 
A7 - 

T QL1014 l*” ( 1.55;y + 0.01 sin2 + 
f’ i- A2 aZL.1 2 = 

Bosin2 + o Ad+ 
A o sin2 + -- 

5599.2 57.798 - 
- AG +A’ 

where A (the ray path offset in solar radii) and + are de- 
fined in Fig. 35 and values of 2.292036 X lo9, l X lo5, and 
4.3 X lo5 m/s were assumed for f ,  Bo, and u, respectively. 
Equations (105) and (106) have been calculated for repre- 
sentative values of A and tabulated in Table 4. This table 
is useful to visualize the magnitudes of the Faraday rota- 
tion in a large sector (quadrant) due to the “quiet” sun 
static field model. If the field were all of the same polarity, 
the total Faraday rotation (+ from 0 to T )  would be 
2aLA (~/2) .  If the polarity changed at + = d 2 ,  then the 
total Faraday rotation would be 2i-h ( ~ / 2 ) .  Obviously 
nothing can be said from this model about the relative 
magnitude or sign between exit and entry. Similarly, for 
propagation transverse to the magnetic field (0  = ~ / 2 ,  see 
Fig. l), we have an upper limit estimate [Eq. (47) where 
Fig. 36 identifies the nomenclature and axis orientation 
used in Section 111 

-- QTL N ( s )  B; (s) ds 
- f “  

where 

Q T  = 1.896205 X 10’ 

44 
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B, MAGNETIC FIELD LINE 

So that 

and for the modified Allen-Baumbach electron density 
[see Eq. (3)] and radial magnetic field [see Eq. (2) with 
Bo = 1 GI, we have (in degrees) for a quadrant 

This is also tabulated in Table 4 for comparison with the 
B = 0 deg case. This contribution is not significant for this 
experiment. The Faraday rotation has been computed 
with the aforementioned data (modified Allen-Baumbach 
electron density and Parker magnetic field) using the 
“exact” Faraday rotation computer program (see Section 
II-C and Appendix C). A sample printout is shown in 
Fig. 37 for aZE with conditions identical to the above except 
+, and + N  (initial and final values of +) are chosen so that 
the probe and earth are 177.0 and 212.0 solar radii, respec- 
tively, from the sun. An initial value of 90 deg is assumed 
for aE to represent the situation with the Pioneer VI 
probe relative to the plane of the ecliptic. The computed 
values are in good agreement with Table 4 for A = 3. 
The “exact” computation differs very little from that 
calculated using the longitudinal component of the mag- 
netic field for the plasma parameters of the solar corona 
(A > 3). Further, the propagation loss due to signa1 ellip- 
ticity is negligible for this experiment. 

A [PLANE OF ECLIPTIC 

Fig. 36. Geometry of a magnetic field line emanating from sun (exaggerated) 
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Table 4. Calculated values of Faraday rotation in one 

Baumbach electron density and Parker magnetic field 
, quadrant of a “quiet” sun using a modified Allen- 

change slowly, the longitudinal component of the radial 
field at a particular time T ,  radius R, and angle + (as 

t = T k27.2753 (1 - - - 4 0 )  

Path of closest 
approach of 

ray A, 
solar radii 

3 

4 

5 

6 

7 

8 

9 

10 

longitudinal component of 
magnetic field (0 = 0 dag), deg 

Radial field 
from sun OLE 

403.3 

1 17.7 

53.0 

29.1 

17.9 

11.9 

8.3 

6.0 

Azimuth field 
from sun bl,~ 

10.2 

3.6 

1.9 

1.2 

0.9 

0.7 

0.5 

0.4 

Transverse 
component of 
magnetic field 
(0 = 90 deg), 

de9 

radial field from 
sun OTE 

0.055 

0.008 

0.002 

0.001 

- 
- 
- 
- 

, 
where 

I BCm(t)  = magnetic field at the central meridian of the 
sun at time t, G 

‘Schatten, K. H., private communication. 
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and time is computed in decimal days. The synodic period 
of rotation of the sun is used to conform with the solai 
Mount Wilson magnetograph data. Since the sun rotates 
counterclockwise (looking down on the plane of the 
ecliptic), the + and - signs are used for exit and entry 
data, respectively. The above equations are incorporated 
into the Faraday rotation computer program (see Appen- 
dix C). 

A sample computer output from the Faraday rotation 
program is shown in Fig. 39 using 0.5-deg steps in + for 
day 318 (ray offset of 6.23 solar radii) computed from the 
Mount Wilson magnetograph magnetic field data assum- 
ing a 3.0 solar radii source surface. This indicates a total 
Faraday rotation of -33.5 deg (resulting in a predicted 
polarization angle measurement of - 56.5 deg). The com- 
putation was also made using 0.2-deg steps in + without 
any appreciable difference. The Faraday rotation of - 33.5 
deg is composed of + 2.7 deg rotation due to the azimuthal 
component and -36.2 deg due to the radial component of 
the magnetic field. Figure 40 shows the signal polarization 
(referred to the plane of the ecliptic) for these data 
(day 318) plotted as a function of +. 

Figure 41 shows the signal polarization data computed 
for the period of the experiment using a source surface 
(see Ref. 14) of 2.5 and 3.0 solar radii as a function of ray 
path offset in solar radii. (Positive offset refers to the entry 
on the west limb.) Although the choice of source surface 
radius has an effect, it is not critical. Also shown are the 
averaged measured data (same as Figs. 31 and 32 except 
corrected for the effects of the earth‘s ionosphere and 
transient “events”). Both the measured and computed 
polarizations tend to “decrease” upon entry and exit. 
The agreement seems a little better on entry than exit. 
The two polarization measurements nearest the sun (near 
4 solar radii) are plotted showing a possible 180-deg 
ambiguity, which cannot be resolved by the instru- 
mentation. 

2. Magnetic field obtained from Explorer 33 data. 
Interplanetary magnetic field data in the vicinity of the 
earth were made available from observations with 
the Ames Research Center magnetometer on Explorer 33, 
for which C. P. Sonnett is the principal investigator; 
D. S. Colburn and J. M. Wilcox supplied the data 
(Ref. 50). Again, since the magnetic field changes slowly, 
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the magnetic field at the central meridian of the sun is 
calculated from 

Bcm(t) = - B COS e COS+ E’, (111) 

where 

B = magnetic field intensity measured by Explorer 33 
in the vicinity of earth, G (positive B defined 
as “toward sun) 

I 

RN = sun-earth distance 

e = angle with respect to solar equatorial plane 
( +90 deg means a field directed north) 

+ = azimuthal angle in solar equatorial coordinates 
(0.0 deg from the earth toward sun) 

315 

270 

225 

2 

2 9c 

N - 
3 

45 

-45 

(TWICE “QUIET” SUN) 

-1  0 -8 -6 -4 0 
OFFSET, 

In the above it is assumed that the magnetic field lines 
are “frozen” in the solar wind plasma, which takes about 
5 days to travel from the sun to the earth. This requires 
that Bcm(t) be calculated using data for B delayed by 
5 days. 

The Explorer 33 data (excluding that data contaminated 
when the earth satellite was situated in the magneto- 
pause) were transformed (Appendix E, CTS 44) by 
Eqs. (110) and (111) and used with the Faraday rotation 
program. These data are shown plotted in Fig. 40 for 
comparison with the Mount Wilson data. It appears that 
the fields computed from the Mount Wilson magneto- 
graph data tend to be “smeared out” from the appearance 
of that computed from the Explorer 33 data. The output 
from the Faraday rotation program is shown in Fig. 42. 
Comparison with the experimental data appears to be 
slightly better than Fig. 41, especially upon exit near 

4 6 8 10 12 14 
solar radii 

I I I I I I I I I I I I I I I I I 1 
342 340 338 336 334 332 330 328 326 324 322 320 318 316 314 312 310 308 

1968 DAY, GMT 

Fig. 42. Comparison of measured signal polarization and that calculated using Explorer 33 magnetic 
field data with “quiet” sun and twice “quiet” sun electron densities 
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-7 solar radii. There was considerable solar activity 
during the time of the exit. This might contribute sig- 
nificantly greater errors (see footnote 7) in the magnetic 
fields as calculated from the Mount Wilson magneto- 
graph data using the source surface technique (Ref. 14) 
than those calculated using the Explorer 33 magnetom- 
eter data. 

C. Adjustment of Electron Density to Obtain Agreement 
Between Calculated and Measured Faraday Rotation 

The electron density is usually assumed to be about 
doubled (Ref. 8) during the active portion of the solar 
cycle (appropriate to the time of this experiment) rela- 
tive to the quiet part of the cycle. The assumed electron 
density was doubled and the Explorer 33 magnetometer 
data were rerun to investigate this effect (Fig. 42). This 
simple idea is apparently not adequate for these data since 
this curve deviates even more from the measured data. 

Assume an equatorial electron density 

N = 1014 (& + +) 
The Faraday rotation through the solar corona was cal- 
culated using the Explorer 33 magnetometer magnetic 
field data and Eq. (112) with various values for B (Fig. 43a) 
and A (Fig. 43b). The Explorer 33 magnetometer data were 
used, rather than the Mount Wilson magnetograph data, 
because of the slightly better correlation with the mea- 
sured data. 

It appears from these results that the value of B 
assumed for a quiet sun is too high for this region of 
interest. Values of 6.0 and 0.002 for A and B, respectively, 
fit the data considerably better than the values of 1.55 
and 0.01 originally assumed (Figs. 43a and 43b). When 
the power of R in the first term is varied, further trials 
give an even better fit (Fig. 43c) using 

The magnetic field data are apparently more reliable upon 
entry than exit as shown by the better agreement be- 
tween the Mount Wilson magnetograph and Explorer 33 
magnetometer data. For this reason, the electron density 
was selected to give the best fit in the entry region. The 
higher order power for R in Eq. (113) was required to 
displace the curve (for A = 10, Fig. 43b) on entry toward 
the sun. 

52 

Computed values for Eq. (113) are tabulated in 
Table 5 for comparison with published ( see  Ref. 2) re- 
sults of electron density in the solar corona. These values 
are between the limits of the other results at 10 solar 
radii but are higher than any of the others at 4 solar 
radii. However, these data were taken near a solar maxi- 
mum while the Pottasch data (11.09 at 4 solar radii) were 
taken during a solar minimum. The Van DeHulst data 
(10.95 at 4 solar radii) at a maximum are seemingly 
inconsistent with the Pottasch result since a greater 
density near a maximum is expected. This indicates the 
difficulty of obtaining accurate electron density data in 
the solar corona. Therefore, it is concluded that the 
electron density obtained from the Pioneer VI Faraday 
rotation experiment is reasonably consistent with the 
published data. 

Other fits could be obtained using least squares or 
similar curve-fitting techniques for this or other forms 
involving higher order terms. However, the scatter of 
the present data does not seem to warrant these refined 
techniques. The three parts of Fig. 43 all indicate a 
better correlation between measured and computed po- 
larizations if the upper values for the measured points 
at ray offsets of -4.2 and 4.0 are used. There is no 
obvious way to “prove” which of these ambiguous data 
points are valid. It is apparent, however, that the polari- 
zation is changing exceedingly rapid at 4 solar radii from 
the sun. It is as if the sun appeared to have a diameter 
of about 8 solar radii at 2.3 GHz. 

VII. Conclusions and Suggestions for Future 
Work 

A. Summary of Conclusions 

The primary goal of this experiment, which was to 
perform the first measurement of Faraday rotation of a 
linearly polarized CW signal passing through the solar 
corona, has been achieved. A comparison with modest 
theoretical model studies has been made. The computer 
program developed to determine ray bending in the 
solar corona indicates that this effect is not important in 
the solar corona at S-band frequencies. The pointing 
error caused by a signal traversing the solar corona with 
an offset greater than 3 radii to the sun center is less 
than 0.0004 deg. This pointing error is below the present 
instrumental resolution of the Goldstone 210-ft antenna. 

A detailed “exact” solution of the Faraday rotation 
through a stratified layer with the magnetic field at an 
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Fig. 43. Comparison of measured signal polarization and that calculated using 
Explorer 33 magnetic field data with various values of A and B 

I J P L  TECHNICAL REPORT 32-1401 53 



54 

315 

270 

225 

I80 

135 

90 

45 

0 

-45 

v EXIT 

1 
MEASURED 

1 IO 
-8 -6 

) B=O.O02 AND VARIOUS VALUES 
OF A IN EQ. (112) 

OFFSET, solar rcdii 

I I I I I I I I 1 I 1 I I I I I I I 
342 340 338 336 334 332 330 328 326 324 322 320 318 316 314 312 310 308 

1968 DAY, GMT 

Fig. 43 (contd) 

JPL TECHNICAL REPORT 32-1401 



-- 

-4 -2 0 2 
OFFSET, solar radii 

- 

( c )  B = O . o 0 2  A N D  VARIOUSVALUES 
OF A I N  EQ. (113) 

--- 1 8 0 d e g  AMBIGUITY 
OF MEASURED 
POLARIZATION 

I I I I I I I I I I I I I I I I I I 
342 340 338 336 334 332 330 328 326 324 322 320 318 316 314 312 310 308 

1968 DAY, GMT 

Fig. 43 (contd) 

JPL TECHNICAL REPORT 32-1401 55 



Table 5. Comparison tabulation of electron densities in the solar corona 

Distance from center 
of sun, units of 

solar radii 

1.0043 

1.01 44 

1.043 

1.072 

1.1 

1.2 

1.3 

1.4 

1.5 

1.6 

1.7 

1.8 

1.9 

2.0 

2.5 

3.0 

4.0 

5.0 

6.0 

10.0 

Pottasch minimum 
(1 960) 

16.54 

15.40 

14.56 

14.21 

14.00 

13.59 

13.33 

13.1 4 

12.97 

12.79 

12.63 

12.48 

12.36 

12.25 

11.81 

11.52 

11.09 

10.80 

10.58 

10.10 

log electron density, m-’ 

4 
Van DeHulrt 

maximum (1 953) 
Allen-Baumbach 

(Ref. 4) 

I 
14.45 

14.32 

14.20 

13.85 

13.58 

13.36 

13.1 7 

13.00 

12.84 

12.70 

12.57 

12.45 

11.92 

1 1 S O  
10.95 

10.65 

10.46 
- 

56 

14.44 

14.30 

14.1 8 

13.83 

13.56 

13.34 

13.15 

12.97 

12.8 1 

12.66 

12.52 

12.38 

11.80 

11.33 

10.58 

9.99 

9.52 

8.19 

arbitrary angle with respect to the propagation direction 
has been made and used in the Faraday rotation com- 
puter program. The difference between the Faraday rota- 
tion of a CW signal passing through the solar corona 
within 6 solar radii to the sun center is less than deg 
which was computed using the “exact” solution or using 
the quasi-longitudinal approximation. The exact analysis 
may have other applications (e.g., in the earth’s ion- 
ospheric studies or other planetary experiments). 

A computer program was developed to compare the 
polarization of the CW signal as received and measured 
at the Goldstone Mars station with that transmitted per- 
pendicular to the plane of the ecliptic? The measured 
variation in the “apparent” polarization of the received 
signal as seen by the az-el antenna is on the order of 
100 deg through an 8-h track because of the changing 
geometry between the station (horizon) and probe (plane 

‘Stelzried, C. T., ct al., “Received Signal Polarization Tracking 
Using a HA-DEC Antenna,” in Deep Space Network, Space 
Programs Summary 37-62, Vol. 11. Jet Propulsion Laboratory, 
Pasadena, Calif., hlar. 31. 1970. 

Modified 
Allen-Baumbach 

[Eq. (311 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

1 1.90 

11.51 

1 1 .oo 
10.70 

10.49 

10.00 

-~ 
From Pioneer VI  

Faraday rotation 
experiment 
[Eq. (1 1311 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

1 1.77 

10.84 

10.19 

9.3 1 

of the ecliptic). This is an important effect, which is 
accounted for. This computer program has potential 
application to deep space communication systems using 
linearly polarized signals. 

The receiving system polarimeter and associated in- 
strumentation is described. The polarimeter is constructed 
integral to the RF “front-end rather than at the “tail- 
e n d  to eliminate the effects of phase shift in the ampli- 
fiers. The system sensitivity is analyzed and excellent 
agreement with actual performance was obtained during 
operations. The lo standard deviation of the polarimeter 
angular measurement resolution (200-s data, away from 
the sun, -164 dBmW receiving signal strength) was 
about 0.4 deg. The performance is degraded when track- 
ing near the sun, primarily because of the increased 
system temperature caused by the antenna sidelobes 
“seeing” the sun. 

Polarization data were taken with the final polarimeter 
configuration from October 26 to December 10, 1968. 
Three significant transient “events” were seen on Novem- 
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ber 8, 12, and 16; both polarization change and spectral B. Suggestions for Future Work 
broadening occurred during these events. Identgcation 
with dekametric noise bursts infer a solar plasma velocity 
on the order of 0.5-1.5 km/s. In addition to the transient 
phenomenon, a steady-state Faraday rotation greater 
than 125 deg was measured between about 4 and 10 solar 
radii. These data are corrected for the earth‘s ionosphere 
effect. Theoretical electron densities and a Parker mag- 
netic field model are inadequate to predict this rotation. 

The main difficulty is the inadequacy of the Parker 
model to predict the magnetic field polarity. Magnetic 
field data from the Mount Wilson magnetograph and the 
Explorer 33 earth satellite magnetometer are used to 
provide a comparison with the measurements. Reasonable 
correlation is obtained using a modified Allen-Baumbach 
“quiet” sun electron density. Assuming twice this density 
or an “active” sun) does not appear to be appropriate. 

density to obtain a better fit to the data. 
I Some effort was made to further modify the electron 
~ 

I The magnetic field data are apparently more reliable 
upon entry, as shown by the agreement between the 
Mount Wilson magnetograph and Explorer 33 magnetom- 
eter data. For this reason, the electron density was chosen 

‘ 

I to give the best fit in this region. A higher power in R was 
I required to displace the curve toward the sun. The 

resulting equatorial electron density is given (in m-3) by 

with R in solar radii. 

The success of this first attempt to measure the Faraday 
rotation of a CW signal passing through the solar corona 
indicates the value of observing any physical phenome- 
non in a “new” fashion. The transient polarization 
phenomena were completely unexpected. A complete 
understanding of these events (including the “fine” struc- 
ture) should lead to a better understanding of the solar 
corona. The electron density in the space sur- 
rounding the sun is a function of both position and 
time. Least-squares techniques applied to steady-state 
polarization measurement data could provide a valu- 
able tool for probing and monitoring the solar corona. 
This implies much more data over longer periods of 
time. This could probably best be accomplished with a 
spacecraft at 1 AU placed stationary with respect to the 
earth-sun line. 

The present overall measurement system performance 
can be improved by providing more transmitted power 
from the spacecraft and increasing the sensitivity of the 
receiving system in the proximity of the sun. (This im- 
plies redesign of the RF feed system.) Decreasing the 
receiving system bandwidth is not very effective because 
of the spectral broadening of the signal traversing the 
solar corona. Similarly, decreasing the system operating 
noise temperature is of limited usefulness because of 
the dominant noise contribution of the sun. The 180-deg 
ambiguity in the polarization determinations near the 
sun can be removed by continuous tracking. This can be 
accomplished with a world-wide tracking network. 
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Appendix A 

Stratified layer Ray Tracing Computer Program listing 

This program (see Section 11-B) computes the ray path of a signal traversing the solar corona. The analysis assumes 
a solar corona model with radial symmetry composed of uniform stratified layers. This program is written for the 
Univac 1108 computer. 

1* c SUNBEND2 PROGRAM, CTS/38 (JPI  PROG* 1.D. 5 9 3 0 0 0 0 )  
2* c FOR CeSTELZRIEDt BY LeBUSCHt 0 5 / 6 9  
3* c 
4*  c FORTRAN V FOR UNIVAC 1 1 0 8  (EXEC 8 )  
5* c 
6* DIMENSION R H O ( 1 8 5 0 ) t  RHOP( l85O) t  THETA(1850) t  THETR( l850 )  
7* DIMENSION ALPHAP(1850) t  ALPHRP( l850 )  
8* DOUBLE PRECISION Y t  ARGRt P I t  P I H t  E X l O t  NOX, Ne THETRt THETA* YA 
9* DOUBLE PRECISION FPQt ANGCt ALPHRPt ALPHAPt ARC, SALPt DIFROt ROA 

10* t DOUBLE PRECISION THETFt DARSINc THESLt RHO( RHOPt DRHOt R I t  R I P  
11* 'c 
12* DATA P I  /?i519159265J589793D0/ 
13* DATA P I H  / l ,570796326794897DO/ 
14* u DATA EX10/2.302 585092994046DO/ 
15* C 
16* C ASSUME N I S  A FUNCTION OF RHO -~ 
17* DEFINE NOX(R)=1.00+14 ( l e55DO/R**6  + le0D-02 /R* *2 )  
18* DEFINE FPQ(R)=8*97837D@*8,97837DO * NOX(R) - 

19* DEFINE N(RtF~=DSQRT(l.ODO-FPQ(R)/(F*1.OD+6)**2) ~- ~ - - -  
20* DEFINE DARSI~(T~~DATAN(1.ODO/~DSQRT~l,ODO/~T*Tl-~.ODO~ ) 1 
21* c READ INPUT CONSTANTS 
22* 10 READ(5t40rERR ~ 3 6 t E N D - 3 8 )  F tA tROl tRNtDTHFTA 
23* ANGC=180eDO/PI 
24*  C C A I  CUI ATF I N I U A I  CONDITIONS - 
25* I=1 _ -  
26* RHO ( I = R O ~  
27* THETH(II=DARSIN(A/RHO(I)) 
28* THETA(I)=ANGC * THETR(1) 
29* ALPHRP(I )=THETR(I )  
30* ALPHAP( I )=THETA( I )  
31* WRITE(6tSO) _ -  
32* W R I T E ( 6 r S l )  Fc A t  DTHETA 
33* W R I T E ( 6 t 5 2 )  
34* W R I T E ( 6 t 5 3 )  ItTHETA(I)tRHO(I)rALPHAP(I) 
35* I=I+1 

~ 

36* ~ THETA(I )=THETA(I - l )+DTtiETA - -  
37* THETR(I )=THETA(I ) /ANGC 
38* R H O ( I ) = A / D S I N ( T H E T R ( I ) )  
39* RHOP( I )=RHO( I )  
40*  C INCREMENT THETA -~ - 
41* NPR=O 
42*  XPR=O 0 ~~ 

43*  20 I=I+1 
44* THETA(I)=THETA(I-l)+DTHETA 
45*  THETR(I)=THETA(I) /ANGC 
46* ARGRZALPHRP ( 1-2 ) +THETR ( 1-1 1-THETR ! 1-22 ~ ~~ ~~ -~ 
$7* ARG=DSIN(ARGR) 

~ ~~ 

48*  RODEN=ALPHRP ( 1-2 1 +THETR ( 11-THETR L k Z ) L  - ~ 

49* IF(RODEN.GEePI) GO TO 3 5  

51* RIS.500 * ( R H O ( I - l ) + R H O ( I - Z ) )  
50* RHOP(II=RHO(I-~)*ARG/DSIN(ALPHRP(I-Z)+THETR(I)-THETR(I-~ 

52* 
53* SALP=N(RItF)*ARG/N(RIPtF) 
54*  IF(SALPeLE.l .ODO) GO TO 22 

.____ RIP=.5DO* ~ (RHOfl IJtRHOII-1)) 
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55* WRITE(6t60) SALP 
56* ALPHRP(I-l)= PI-ARGR 
57* GO TO 25 
58* 22 ALPHRP(I-l)=DARSIN(SALP) 
59* 25 IF(ARGR.GE.PIH) ALPHRP(I-l)=PI-ALPHRP(I-l) 
60* RHO(X)=RHO(I-~)*SALP/DSIN(A~P~RP(I-l)+TH€TR(I)-THETR(I~l)) 
61* 30 ALPHAP(I-l)=ANGC*ALPHRP(I-l) 
62* DRHO=RHO(I-l)-RHOP(I-l) 
63* 11=1-1 
64* Y=RHO(I-l)*DSI~(THETR(I-l)) 
65* YA=Y-A 
66* ROA=RHO( 1-1 - A -___ 
67* IF((X-NPHI.NE.3) GO TO 31 

69*- * YAtROA 
70* XPR=XPR+2.0 
71* NPH=XPR*5.0 .- 
72* 31 DIFRO=RHO(I-1)-RHO(1) _ _  _ .  
7 3* IF (DXFRO) 37 t 1 0t35 
74* 32 IF( (ALPHAP(I - l )+DTHETA).GT.180.D0)  GO TO 35 
75* GO TO 70 
76* 35 THETF=THETR(I-2)-ALPHRP(I-2)tPI-DARSIN(DSIN(ALPHRP(I-2))* 
77* * RHO(I-P)/RN) 

79* THESL=lBO.ODO -DARSIN(A/RN)*ANGC 
80* WRITE(6t54) RNtTHETFtTHESL 

78* THETF=ANGC*THETF 

81* GO TO 10 
82* 36 I=INSTAT(X) 
83* WHITE(6t65) X 
84* 38 WRITE(6t50) 
85* STOP 
86* C 
87* 40 FORMAT15FlOA) 
88* SO FORMAT(lH1) 
89* 51 FORMAT(lHOtBX, * FRF (rlUFl\lf Y (MH7 1 =*rF10.3//9X,39HRAY OFFSFT (SOIAR R 
90* *)  = F9.3t17X,*(Y-A)=RHO(I)*SIN(PHI(I))-RAY OFFSET'//SXt 
91* * 'PHI INCREMFNT (DEG.) =*tF9,5t15Xt*RHO(I) -A  = RHO(I)-RAY OF FSET t 

92* * / / / I  
93* 52 FORMAT(/HOtBX*POIAR COORDI NATFS OF R A Y  PATH*//5X ,*IV,4X*pHI(I)*,5)( 
94* *t*RHO~I~'t4Xt7HRHO'~I~t3Xl4HRHO~I~~RHO*(I~t2X9HALPHA*~I~t7X 
95* * 5H(Y-A) tBXBHRHOIZ)-A/ 1OX5H(DEG)t4X9H(SOlAR R)t2X9Hl SO1 AR R )  PQX 
96* * 9HtSOLAR R)tbXSH(DEG)t23X9H(SOLAR R)//) 
97* 53 FORMAT(lXtI5t3F11.5t26 XtF11.5) 
98* 54 FORMAT(//t6Xt*R(N) =*tF11.5,//6Xt*PHI(N) =*tF11.5t//6X1 
99* * 'PHI(STRA1GHT LINE) =*tF11.5) 

l o o *  55 FORMAT(1XtI5t3F11~5tEl5~5tFll~5tEl8e8tF12e5~ 
101* 60 FORMAT(/t2Xt19HSIN(ALPHA*(I-l)) = tE12.5) 
102* 65 FORMAT(* ERROR = * t  012) 

104* END 
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Appendix B 

Integral Solution Ray Tracing Computer Program listing 

This program (see Section 11-B) computes the ray path of a signal traversing the solar corona. The technique, from 
Bracewell (see Ref. 32), consists of evaluating the closest point of approach or “turning point” and evaluating an integral. 
This program is written for the Univac 1108 computer and uses a standard integration subroutine available for this 
computer. 

60 

1* c SUNBEND 3 (JPL PROGRAM I.D. 5 9 b 8 0 0 0 )  
2* c DRIVER FOR DO1JBLE PRECISION INTEGRATION ROUTINE, DVDQ 
3 1  c FOR C. STELZRIED, 7/69, L e  BUSCH 

13*  c 

15*  FI=FF*l.D6 
16* DELT=OELTtEP 
17* ASQ=AI * A I  
18* CTERM=((C*C)/(FI*FI))*l.DlZ 

14* READ (5 ,104)  F F t A I t R N t D E L T R  

22* 5 I=I+1 ____ 
22* TSTEP(I)=TSTEP(I-l)tDELTR 
23*  I F ( T S T E P ( I ) . L f . R N )  GO T O - 5  ~ _ _ _ _ _ _  _ _ ~ -  
2 4 *  TSTEP( I )=RN 
25*  J N = I  
26* J=I+1 

31*  20 F= hI/(R*DSQRT(R*R-ASQ-CTERM*(Cl/R**4+leDU))) 

33*  50 GO TO (80~4~,45r60~4S~70r55~55~200~200~55~55)~ IFLAG 
32* 45 C A L L  DVDQl  

34*  55 HMINA=DABS(H) 
35*  60 ROT(N)= H 
36* P H I ( N ) = ( l 8 O . D O / P I )  * Y 

30* N= J 
37* J=J-l 

39* 
40*  

I F ( J . L T . 1 )  N = I  
IF( IFLAC.GT.71 GO To 210 

-_ 4 t *  IF(IFLAG.NE.4) GO TO 4 5  
42*  TFINAL=TSTEP(J) 
4 3*  IF(J .EQ.0)  TFINAL=O.DO 
44*  GO TO 4 5  
45*  70 EP=32.EU*EMAX*EP-- 
46*  WRITE(6,103bR,EP 
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.- - - .  
102 FORMAT ( 1H 'r I5,F11,2r2F14 5 )  

69* 103 FORWAT(1H ~5X,'R='lPD20.12,5X,'EP TOO SMALL* NtW VALUE OF EP = ' P  

? O * .  - * E13.6) 
71* 104 FORMAT(4D20.5) 
72* 105 FORMAl(lH1) 
73* c - 
74* STOP 
75* END 
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Appendix C 

Faraday Rotation Computer Program Listing 

This program (see Sections 11-C and VI) computes the Faraday rotation of a signal passing through a plasma in the 
presence of a static magnetic field. An "exact" solution (the usual quasi-longitudinal approximation for the magnetic 
field is not used) computes the Faraday rotation for uniform stratified sections. The signal polarization and ellipticity 
are computed for each step. The program is written for the Univac 1108 computer. 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
c 
C 
C 

c 

C T S / 4 2  . . F A R A D A Y  R U T A T I  ON P K E D  I C T  I O N  ( I .U. 5 9 5 5 0 0 0  1 
FUR C . S T E L Z K I E D 9  BY L - B U S C H ,  04 /69  

F U K T R A N  V FOR U N I V A C  1108 ( E X E C  8 )  

I N P U T  F O K r i A T  . .. 
CARD 

1 INDAY S 9 INEX A C T  N S T  EP S ( 3 I 5 ) NDAYS=NO.CAKDS Ill ( D A Y Y A T  
R N T R 1 )  I N P U T  T A B L E  

N E X A C T  ( = 1 )  ,COMPUTE E X A C T 1  
( = 2  ) ,COMPUTE E X A C T 2  

N S T E P S  ( B L A N K  ) , P R I N T  A L L  
S T E P S  

( =  1 0 ) T P R I N T  EVERY 
l O T H  S T E P  

2 D A Y ( J ) , A ( J )  ( 2F10 -0 9 2 O X  t 
2 F 1 0 . 0 )  D A Y  NO., K A Y  C L O S E S T  KIV( J )  , K 1  ( J )  

J = l  YIVDAY S APPROACH,  F I N A L  S U N - E A R T H  
D I S T . ,  I N I T .  SUN-PROBE D I S T  

3 I\IBPTl\Bl'l ( 2 1 5 )  S I Z E  OF T ( O ) , B ( O )  T A B L E S  

( I F  ONLY T H E  T H E O K E T I C A L  B C A S F  I S  T O  B E  RUNT 
U S E  B L A N K  C A K U  3 ,  ANI1  OIkIIT C A R D S  4 A N U  5 )  

4 T U 1  ( 1, IN 1 t B U I  ( 1, I\))  ( 2 F 1 0  - 0  1 T ( 0 )  , R ( O )  T A B L E  F O K  
IN=l,INBP P O S I T I V E  3A5l  R U N S  

5 T U 1  ( 1 , I N )  , S U I  ( 1 . N )  ( 2 F l U . O )  T ( O ) , B ( O )  T A B L E  FOR 
IN= 1 , IN 614 I V E G A T I V E  iiIA6.l K l l iVS 

6 INCASE ( 1 5 )  1, T H E O R E T I C A L  B C A S E  
(1,2,3.UK 4 )  2 ,  I~ iEAS.b ,KAL) IAL F I E L L )  O N L Y  

3, IPIEAS.B ,AZIP i .  F I E L D  O N L Y  
4, iMEAS.H.RADIAl. AI\ILJ THEO. 

A Z  I N U T H A L  F I E L U  

7 B U T  ( F10 .o 1 R ( 0 )  FOK T H E W .  B C A S E  

(O1"IIT C A R D  7 I F  I K A S E  = 2 1  3 1  O K  4 )  

8 T I T L E  ( 1 3 8 6 )  D A T A  I D f N T I F I C A T I O N  
( I N L l I 3 4 T E  THEOK.  O K  

MEAS. H T Y P E )  

( F 1 0 . 0 ,  T H E T A  I IVCREMENT ( D E G .  ) t  Y U T H k T A v F T L  
2 E 1 5 . 7 )  F K E O l J t N C Y  ( H E R T Z )  , L E N G T H  

S C A L E  F A C T O R  

( R t P t A T  I IVPUT FROM C A K U  6 FOR MORE T H 4 N  1 b l N C A S t O )  

62 JPL TECHNICAL REPORT 32-1401 



C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

D I M E N S I O N  DAY ( 200 1 , A (  200 ,RN( 2 0 0  ) T R 1 (  200) , f D I  (2,1000) c B D I  ( 2, 1000 ) 
4 TR (2000 1 , T H E T R (  2000 1 , T H E T A (  2000 ,DMEGA( 2000 1 r O M E G A E (  2000 1 ,  
+ T I T L E  ( 1 3 )  9 A I  ( ZOO0 1 9 B I  ( 2000 ) T C I  ( 2000) Y D I  ( 2000 

D O U B L E  P R E C I  S I O N  01 NC t P I  9 D A R S I  N t  ANGC t B D t K  t T H E T R  ,THETA TR B, TARG, 
+ SARG~COARGTBL~BT,S,R~NIDELS~DELS,DELD,DMEGA, X , Y ~ , Y L T G ~ H , R P P , ~ P , R P ,  
+ AP 9 APP BBP B 8 P  P t OMEGAEt  S N P t  S N P P T  K M  I N U S  T K  P L U S  9 DR 1, S I  N K P  ,COSKP 
+ S I  NKM ,COSKM, A I  t BI T C  I 9 D I  9 E X T  ERM, EX, E T T  ERM, E T H E  NT ERM DT ERM TERROR 

D O U B L E  

D O U B L E  P R E C I S I O N  Y L G 4 ,  G Y L 4  
COMMON D T H E T A t  AABS,  RB,  ANGCt  WV 
R E A L  L 
D A T A  WV /.00464/ 
U A T A  P I  / 3.141 592653589793D0/ 

P R E C I  S I O N  Y L G Q v G Y L Q ?  X C O l t  X C 0 2 r  L O S S  T E P L Q ,  EM I Q  ,RAT I D  ( T E R 1 ,  
+ TER2,DSvOMEGCK 

D A T A  QP,QT /135.4816, 1 . 8 9 6 2 0 5 € + 0 8 /  
D O U B L E  P R E C I S I O N  A R C S I N  

R A D 1  A N / A N G L E  C O N V E R S I O N  FACTOR 
D E F  I N E  D A R S I N (  T ) = D A T A N (  1.W/ ( D S Q R T (  l . O D O /  ( T * T  1-1 .OD0 1 )  1 

ANGC= 180 .OD0 / P  I 
PUNCH L A B E L  FOR PUNCHED C A R D  OUTPUT 

PUNCH 121 

R E A D  ( 5 T 109 
R E A D ( 5 r l O l )  ( D A Y ( J ) , A ( J ) r R N ( J ) , R l ( J ) ,  J = l , N D A Y S )  
R E A D  [ 5 109 NBP T NBM 

I N P U T  FOR A L L  C A S E S  
5 NDAY S T  NEXACT,  N S T  EPS 

I N P U T  FOR MEASURED B CASES O N L Y  

R E A D  T A B L E  FOR P O S I T I V E  @ A @  

R E A D  T A B L E  FOR N E G A T I V E  @ A @  

R E A D  @NCASE@ AND PROCEED A C C O R D I N G L Y  

I F  ( IUBP.LT.1) GO T O  6 

R E A D  ( 5  100 1 ( T O 1  ( 1, M )  T B D I  ( 1, M )  ,M= l ,NBP)  

R E A D (  5 r  100 1 ( T O 1  ( 2 9  IY) * B O 1  ( 2 ,  M )  ,M=l ,NBM) 

6 RE AD ( 5 9 109 9 E R R = 8 0  E N D = 8 5  NC ASE 
I F  (NCASE.GT.1)  GO TO 10 

BD=BOT 
R E A D ( 5 . 1 0 0 )  BOT 

10 R E A D ( 5 9 9 9 )  T I T L E  
R E A D ( 5 , 1 1 0 1  D T H E T A T F T L  
K = ( 2. DO +P I + F + L 1 / 2.99 79 3 D+O 8 

DO 70 J = l , N D A Y S  
A A B S = A B S ( A (  J ) )  

E S T A B L I S H  T H E T A  L I M I T  
T HET AN= 180 .O DO-DARS I N ( AA B S/RIU ( J 

C A LC UL AT E I N I  T I AL C OND I T  I ONS 
I =1 
R (  l ) = K 1 (  J )  
T H E T R ( 1  ) = D A R S I N ( A A B S / R ( l )  
T H E T A (  I ) = A N G C * T H E T R ( I  
RB=R ( 11 

S ARG=US I N  ( T A R G /  ANGC ) 
COARG=UCOS(  TARG/AMGC 1 

*AN= 

T A R G = T H E T A (  I ) - D T H E T A / Z . O W  

I F ( N C A S E . E O . 1 )  GO TO 2 5  
C A L L  BMEAS ( T O 1  ,BO1 9 NBP NBM, THETA ( I) ,DAY(  J r A  ( J  ) ( N C A S E  ,BL, BTI BO 
GO T U  26 

2 5 B L= ( BO/R B** 2 1 + A B S  (COARG 1 
B T = ( B O / R B * + Z ) + S A R G  

26 N = l m O D + 1 4  3 ( 1 . 0 0 D + 0 3 / R B * + 8  + 0 . 0 2 D - O l / R B * * 2 )  
2 8  s=o.oo 

A I ( I  )= l .DO 
B I  (I )=O.DO 
C I ( 1  )=O.DO 
U I  (I )=O.DO 
OMEGA ( I ) =90 .OD0 
UHEGAE ( I ) =90 .OW 
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W R 1 T E ( 6 ~ 1 0 2 )  T I T L E  
W R I T t ( 6 ~ 1 0 3 )  

2 9  w R I T E ( 6 ~ 1 1 2 )  
3 1 WK I T t  ( 6 9  113)  

DAY ( J )  t A (  J ) T R ~ (  J ) T  D T H t T A T L t R I V ( J )  

1, T H E T A  ( I ) T R  ( I ) T N, B T T B L T O M E G A  ( I  ) TOPIEGAE ( 1 ’ 
C I 1°C R EM E NT T H ET A 

3 2  L I iV \T=O 
IN PK =o 
XPR=O .O 

30 I = I + 1  
T H E T A (  I ) = T H E T A ( I - l ) + D T H E T A  
I F ( T H t T A ( I ) . L T . T H E T A N )  GO T O  40 
L I M T = l  
T H E T A ( 1  ) = T H k T A N  

R ( I ) =AA BS /U S I IV ( TH ETR I I ) ) 

S A R G = U S I N ( T A R G / A N G C )  
COARG=OCOS(  T A R G / A N G C )  
K B = O  .5DO:r(R ( I  1 + K (  1-1) 1 
I F ( N C A S E . E Q . 1 )  GO T U  43 
C A L L  BcIEAS ( T U I T B O I , N B P T N B M , T H E T A (  I ) , D A Y ( J )  , A ( J ) T N C A S E , B L T B T , B O )  
GO TO 44 

43 B L =  ( BU/RB*+:2 1 * A B S (  COARG 1 
B T =  ( B U / R B * < + Z ) * S A R G  

44 N = 1 . 0 0 + 1 4  * ( 1 . 0 0 D + 0 3 / R B * * 8  + 0 . 0 2 D - O l / R B * * 2 )  
D t L S = A A B S * D S I N (  DTHETA/ANGC 1 / (  D S I N ( T H E T R (  I )  ) * D S I N  ( T H E T R  (1 -1  1 1 1  

S = S + D t L  s 
O M E G A ( 1  ) = O M E G A I I - l ) + U E L O  
X=(8 .57B37D0~8.97837OO*IN)  / F * * 2  
Y L =  ( 2 . 7 9 9 2 0 2 D + 6 * B L )  / F 
YT= ( 2 . 7 9 9 2 0 2 D + 6 * B T )  / F  

40 T H E T R ( 1  ) = T H E T A ( I  ) / A N G C  

TAKG=THE: TA ( I ) -DTH E T A / 2  .O DO 

Dl-LC)=L aQpXcOELS%BLX:N/ F * * 2  

r 
L 

t i = Y T * * 2 / ( 2 . W * ( l . D O - X ) )  
Y L G Q = Y L / G * Y  L / G  
GY L O = G  / Y  L*G/Y  L 
Y L G 4 = Y L G O * Y  LGO 
G Y L 4 = G Y L O * G Y L O  

I F ( A B S ( Y L / G ) . L T . 1 . 0 0 - 3 )  GO T O  3 5  
GO T O  3 8  

I F ( A B S ( G / Y L ) . L T . l . O D - 3 )  GO TO 34 

3 4  H=Y L * ( 1 00 +O - 5 u O  *G Y LQ-GY L4/  8 M) 1 
B R P = G / Y L - l .  DO-0 5DO*GYLB+GY L 4 /  ReDO 
N C Y L = l  
GO T U  36 

3 5 H=G * ( 1 DO +O - 5  DO *Y LGQ-Y L G 4 /  8 DO 1 
BRP=-O.5DO*cY LGQ + Y L G 4 / 8  DO 
N C Y L = 3  
GU TO 36  

BRP = (G-H 1 / Y  L 
N C Y L = 2  

36 RP=G-H 
RPP=G+H 
X C O l = X / (  1.DO-RP) 
SNP =DSQRT ( 1. DO-XCn 1 ) 

3 8  H = D S W K T ( Y L * * 2 + G * * 2 )  

I F  ( X C U 1 .  LT. 1. D-6 SNP=1.  W - O . 5 D O * X C O l - X C 0 1 * X C 0 1 / 8  .DO-XC O l * X C O l *  
* X C 0 1 / 1 6 . D 0  

3 7  X C O Z = X / (  1 .00 -RPP)  
S N P P =O SQ R T ( 1. DO -XCO 2 
I F  ( XCU2. LT .  1. D-6 ) 

K M I N U S = (  -K*DE LS*H*X 1 / ( ( l .DO-YL*YL-2 .DO*G)  * ( S N P + S N P P  1 )  

SNPP = 1. D0-0 .5DO* XC 02- XCO2*XC 02 /8 .  DO-XCOZ+X CO2*  
* X C D 2 / 1 6 . D 0  

K P L U S =  K * D E L S * I S N P + S N P P ) /  2.000 

, 
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I 

C GO T O  41 ,FOR EXACT 1t T O  42  FOR E X A C T  2 
GO TU (41.42). N E X A C T  

4 1  D R L = B K P * B R P  + 1.W 
AP = ( B R P * A I  ( I - l ) + O I  ( I - l ) ) / D R l  
B B P  = ( B R P * B I ( I - l ) - C I  ( I - l l ) / D R l  
A P P  = (-BRP*DI(I-lI+AI(I-l))/DRl 
B B  PP = ( B R P K  I ( I -1 I + B I  ( 1-1 1 ) /DR 1 
S I N K  P=D S I  N ( K P L U S  1 
C O S K P = D C O S ( K P L U S  1 
S I N K  M =O SI N ( K M I  N U S  ) 
COSKM=DCOS(  K M I N U S )  
A I  ( 1  ) = C O S K M * ( - (  B R P * B B P + B B P P ) * S I N K P  + ( B R P * A P + A P P ) * C O S K P )  + S I N K M I  

B I ( I  ) = C O S K M * (  ( B R P *  AP+ A P P ) * S I N K P  + ( B R P * B B P + a B P P l * C O S K P ) +  S I N K M *  
* ( ( B R P * B B P - B B P P ) * C O S K P  + ( B R P * A P - A P P ) * S I N K P )  

* ( - ( B K P * A P - A P P )  *CUSKP *, ( B R P * B B P - B B P P ) * S I N K P )  

* ( ( B R P * A P P + A P )  *COSKP - ( B R P * B B P P + B B P ) * S I N K P )  

* 

C I ( 1  ) = C O S K M * ( ( B R P * A P P - A P ) * S I N K P  + ( B R P * B B P P - B B P ) * C D S K P )  + S I N K M +  

D I ( 1  l = C O S K M + ( ( B R P * B B P P - B B P ) * S I N K P  - ( B R P * A P P - A P ) + C O S K P )  + S I N K M *  
( ( BRP*BBPP+BBP ) *C USKP + ( BR W A  PP+A P 1 *S I NK P )  

42 C O N T I N U E  
E X T E R M = A I  ( 1  ) * A I  ( I  ) + B I  ( I  ) * B I  ( I  1 
EX=O .DO 
I F  (EXTEKM.GT.O.DO) E X = D S O R T (  EXTERM)  
E T T E R M = C I  ( I ) * C I ( I ) + D I ( I ) * D I ( I )  
ETHE=O .DO 
IF (ETTEKM.GT.O.DO)  E T H E = D S O R T (  E T T E R M )  
NT ERIVI=2. D O *  ( B I  ( I 1 * D I  ( I 1 + A I  ( I ) *C I ( I 1 1 
DTEKI* I=AI  (I ) + A I  ( I  ) + B I  (I ) * B I  ( 1  )-CI( I ) * : C I (  I I - D I  (I ) * D I  ( 1 )  
UIVIEGAE( I )=O.DO 
I F ( l\l T E RPI N E 0 00 A ND DT ER M N E 0 D 0 1 OM E G A E ( I 1 =9 0 DO +O 5 *D A T  A N  2 ( N T E 

WI.JI t D T  ERIY ) * ANGC 
DO 444 I C = l t 3 6 0 1 . 9 0  
0 I N C  = I C  -1 
DS= -1.00 
DO 444 J C = 1 , 2  
0 I NC =U I INC * [I S* - 1. DO 
DS=DABS (115 1 
OMEGCK=UMEGAE ( 1  ) + O I N C  
I F ~ D A B S ~ U k E G C K - O M E G A E ~ I - l l ~ . L T . 4 0 1 ) G ~  T O  445 

444 C O N T I N U E  
W R I T E ( 6 . 1 1 6 )  UMEGCK 
W R I T E  ( 6 9  117) N T E R M , D T E R k i O M E G A E (  I )  

1 1 7  F U R M A T (  l H 0 9 2 X . a N T E R M  = a t E 1 3 . 6 ~ 2 X t 6 ) D T E R M  = @ , E L 3 . h t Z X . a  O M E G A E ( 1  
::= a i E 1 3 . 6 )  

O M E G A t ( 1  )=O.DO 
445 OMEGAE ( 1  )=OMEGCK 

ERROR=CJMEGAE ( 1  -OMEGA( I 1 
T E R l = A I  ( 1  ) * A I  (I ) + B I  ( 1  ) * B I  ( 1  ) + C I  ( I ) * C I  ( I ) + D I (  I ) * D I  ( I  1 
T ER 2 =USQR T ( A B S  ( ( A I ( I 

E PLQ=O . 5 D O *  ( TER l + T E R  2 1 
EM I O = O  -5130% ( T EK 1 - T  ER 2 )  
L O S S = - 2 0  .DO*DLUG10 ( EPLO 1 
R A T  I O  = E Pl I O / E  P LO 
I F I N S T E P S . N E . 1 0 )  GO T U  50 

I F ( ( I - N P R ) . N E . 2 )  GO TO 60 

+A I ( I ) +C I ( I ) :kC I ( I 1 -B I ( I ) ::< 3 I ( I 1 -11 I ( I ) *D I ( I ) 1 
* * * 2 + 4 . 1 ~ O ~ k ( A I ( I ) * B I ( I  ) + C I ( I ) * D I ( I ) ) * * Z ) )  

4 7  I F ( L I M T . E O . 1 )  GU T O  50 

SO W R I T E ( h t 1 1 4 1  I y T H E T A ( 1  l * R ( I  ) T N T B T . B L ~  D E L O , O M E G A ( I  ) y E X f E T H E p  * ONEGAE ( I ) 9 ERROR L O S S  , R A T 1  OtNC Y L 
5 5  XPR=XPK+Z.O 

N P K = X P R * 5 . 0  
60 I F ( L I M T . L T . 1 )  GU T U  30 

W R I T E  ( 6 9  115 O M E G A (  1 ) T U M E G A F l  I )  t ERROR, L O S S  tA  I ( I ) t R I  ( I  , C I  ( I  t 

* 111 ( 1  1 t E X t E T H E  
PUNCH 1207 A (  J ) * O M E G A E ( I  ) . D A Y ( J )  

70 C UNT I IVU E 
GU T O  6 
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80 

82 
8 5  
86 

C 
99 

100 
10 1 
102 
103 

109 
110 
112 

I = I N S T A T ( X  1 
W R I T E ( 6 9 8 2 )  X 
F O R M A T ( @  ERROR =@,012) 
W R I T E  ( 6 9  86  1 
FORMAT ( 1H 1 1 
STOP 

FORMAT ( 1 3 A 6  1 
FORMAT ( 2 F  10 -0 1 
FORMAT ( 2 F  10 e 0  9 2 0 x 9  2F10 -0 1 
FORMAT ( 1 H 1  T ~ X  9 13869 / /  
F O R M A T ( 9 X 9 5 H D A Y  = ~ F 1 1 . 6 , 4 X , 3 H A  = T F I . ~ . ~ , ~ X T ~ H R ( L  1 = , F 1 1 . 6 ~  / / 9 X 1  

Q D P H  I = @ , F l O  e 5  9 4 X  9 3 H L  = T  E 1 2 . 5 1 3 X 9 4 H R N  =, F13  e 6  , I /  1 
F O R M A T ( 3 1 5 )  
FORMAT ( F 10 - 0  t 2E 15 - 7  1 
F O R M A T ( 5 X a I  P H I ( I )  R ( I )  N ( I )  B T (  I )  B L ( I )  D O L I )  * O ( I )  E X ( I )  E T ( I )  O E ( I )  E R R ( I )  L O S S ( 1 )  R A T I O  Y L O  

* / I  
113 F O R M A T (  1H , 1 5 9 2 F 8 . 3 9  1 P 3 E 1 0 . 3 ,  8x9  l P E 9 . 2 y 1 6 X y  l P E L l . 4 )  
114 FORMAT ( 1 H  9 1 5 , 2 F 8 . 3 9  l P 3 E 1 0 . 3 9 1 P E 8 .  1 9  1 P E 9 . 2  i l P 2 E 8 . 1 9  l P E 1 1 . 4 ~ 1 P 3 E 8 . 1  

*, 1 5 )  
1 1 5  F O R M A T ( / / 9 X T @ O M E G A  =@, 1 P E 1 3 . 6 ~ @  O E G . @ T ~ X T @ O M E G A ( E )  = @ , l P E 1 3 . 6 , @  D E  

%.il,4XT @ERROR = Z l v  l P E 1 3 . 6 9  @ l 3 E G . a ~  4xT@L0ss =@, 1 P E 1 3 . 6  ,@ D B @ T  
0 / / 9 X @ A  = a t  l P E 1 4 . 6 9  4 x 9  @B € 1  8.6 94Xii)c E 1 6 . 6 ~ 4 X  T @ D  =@, 
* E 1 6 . 6 / / 9 X @ E X  1 P E 1 3 . 6 9  4 X 9 @ E T H E T A  =@, E 1 3 . 6 )  

116 FORMAT ( 1 H O  , 5 X * @ A F T E R  A L L  I N C R E M E N T S  OMEGAE ( I  1 = @ T  1 P E 8 . 1 )  
1 2 0  F O R M A T ( 3 F 1 0 . 4 )  
1 2 1  FORlJ lAT(3RETURN C A R D S  T O  L 8 B  B L D G  1 2 5 ,  BOX 4 3 @ )  

C 
END 

S U B R O U T I N E  B M t A b  ( T U 1  9 B O 1  9 N B P ?  NBM, T H E T  9 U A Y  * A ,  NC4SE T B L ~ B T  , B O )  
C C A L C U L A T E  B L ( I )  AND B T ( I  ) FOR M E A S U R E D  B C A S E S  

D I M E N S I O N  T O 1  ( 2 t 2 ) ~  BO1 ( 2 1 2 )  
D O U B L E  P R E C I S I O N  B O 9  B L R ,  B T K ,  B L A t  B T A  
D O U B L t  P R E C I S I O I I  T H E T ,  B L T  B T t  T E R P ~ T R B V A N W :  
COMMON D T H E T A T  A A B S T  K B ,  AIVCL, WV 

D T = ( - A /  A A B S ) xc 1 3.6 2 6 5>r ( 1 0 - ( T H E T- D T  H E T  A / 2 - 0  ) / 1 80 .  ) 

I F ( A )  6 9 8 1 8  

C 

T =  DAY+DT 

6 I = 2  
NN=NBM 
GO T U  10 

NN=NBP 
8 I = 1  

GO T O  1 5  
1 2  B l = B O I  ( I  cN-1) 

B Z = B U I  ( I  T N  1 
T L Z T O I  ( I  c N - 1 )  
T2:TOI I I t N )  
GO TO 20 

15 C'OikT I NU E 

B 1.0 .o 
82-0 .o 
T 1.0 .O 
T2.0 .O 

C I F  T ( I )  NOT I N  I N P U T  T A B L E  RANGE, S E T  8 1 , B ? , T 1 9 T Z  =O.O 

20 BO=Bl+(T-Tl)*(B2-8l)/(TZ-T1) 
TERM=THET/AI\ IGC - ( D T H E T A / Z . O  ) / A N G C  
B L R =  ( - B U / R B * * 2 )  *DCOS(  T E R M )  
B T R = (  BO/RBak*c2)*DSI  N (  T E R M )  
B LA = ( A /  A A B S ) * ( BO / R €3 ) *: W Vi: D S I N ( T ER M 1 
R T A= ( A / AA B S ) * ( BO /R B ) ii: W V;i: DC OS ( T E R M 1 
GO T U  ( 5 5 ~ 3 0 ~ 3 5 T 4 0 ) ~  N C A S E  
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t 

30 B L = B L R  
B T = B T K  
GO T U  50 

3 5  B L = B L A  
B T = B T A  
GO T U  50 

40 B L = B L R + B L A  
B T = B T K + B T A  

50 R E T U R N  
5 5  W R I T E ( 6 7 6 0 )  
60 F O R M A T (  l H 0 , 5 X , @ N C A S E = 1 9  SHOULD NOT H A V E  E N T E R E D  B M E A S  S U B R O U T I N E a I  

STOP 
E NO 
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Appendix D 

Signal Polarization Coordinate Transformation Computer Program listing 

This program (see Sections 111-D and V) performs a coordinate transformation of the received signal polarization 
as measured at the local station to the plane of the ecliptic. This is accomplished through a sequence of matrix 
manipulations. This program is written for the IBM 7094 computer. 

J I B F T C  P O L E A S  
COMMON / D R D A T A /  D E C S (  10594) 9 R A S (  10594)  
DOUBLE P R E C I  S I O N  C X  9 CY 9 CZ 9 Uc A 2  9 E L  t L A T  L O N G  9 ZER 9 D 2 R  9 K 2 U  cC 1 9 C 2  9 C 3 9  

* C 4 , C 5 9 E P S 9 D U M 9 F A T 9 F O N G 9 C P 9 C T t S P t S T 9 P H 9 T H E T * S 1 9 S ~ 9 S 3 9 D 0 T 1 9 D 0 T 2 9  * F D A Y S ~ T A U T ~ O B L Q , O N E ~ B A T , B O N G ~ S N E L ~ R A ~ ~ E C ~ F L H A ~ P I O 2 ~ P R E D ~ P 2 ~  
* D N S E C  

D I M E N S I O N  B 1 (  100 )982(100)  
D I M E N S I O N  U (  3 )  9 DR 1( 2 1 9  D R 2  ( 2 1 9  F T (  2 )  9 P O L (  5000 1 ,DAYNO(  5000 1 9  

* T I T L E ~ 1 4 ~ ~ X N A M E ~ 1 4 ~ ~ Y N A M l ~ l O ~ ~ R ~ l l ~ 2 , 8 1 1 Y ~ A M 2 ~ 1 ~ ~ ~  * RW 1 2 (  2 t 8 1 *ROW 2 ( 8  ) 9 MDAY S (  1 2  1 
D I M E N S I O N  B U F I 2 5 0 ) 9 F M T ( 1 2 ) 9 F M S O  
D I M E N S I O N  T M P ( 2 5 0 )  
D I M E N S I O N  
D I M E N S I O N  N P A S S ( 3 ) 9 I P A S S ( 3 )  t K T M P ( 4 )  
D I M E N S I O N  P T I  T (  1494) 
E Q U I V A L E N C E  ( D A Y N O (  1) 9 X Y  ( 1 9 1 )  1 9  ( P O L (  1) r X Y (  1 9 2  1 )  
E O U I V A L E N C E  
E Q U I V A L E N C E  

D A T A  S Y M B L (  1 ) / 6 H *  / 

X Y (  50009 2 ) 9 J X ( 3 )  t J Y ( 3 ) v N P ( 3 )  r I N T R P ( 3 )  t S Y M t l L ( 3 )  

( C A L  ( 1) 9 XY ( 1 93 1 
( T M P  ( 1  1 , I T )  9 ( T M P ( 2 )  9 I T  I M E )  
( D E C I  ,DR 1 ( 1)  1 9  ( D E C 2 t D R l I 2 )  1 9 I R A l 9 D R 2  ( 1) 1 9  ( R A 2 9 D R 2  ( 2  1 1 9  

( T M P  ( 3 1  t P  1 

* ( F N S l , F T ( l ) ) ( ( F N S 2 9 F T ( 2 ) )  

OAT A 

D A T A  Z E R ~ O 2 R ~ R 2 D ~ B A T ~ B O N G 1 E P S ~ O N E ~ C l ~ C 2 ~ C 3 ~ C 4 ~ C 5 ~ P l ~ 2 ~ N R  

( MD AY S I I 1 9 I = 1 12 ) 9 I 100 /O 9 3 1 9 60 9 9 1 1 2  1 9 152 9 182 9 2' 13 9 244 t 2749 
* 305 9 335 9 100/ 

* /0~000~1~7453292519943D~2~57~2957795131~35~426D0~243~lllDOt * 23.45001 1.0009 100.0755426000~9.85647346D-1~2.9015D-139 * 4.17807417D-3~5.21D-l3~3ol41592653589793~2/ 
D A T A  C O M P t F I N P T  / 6 H C O M P T D , 6 H I N P U T  / 
D A T A  B L N K / 6 H  / , K S T O P / 4 H S T O P / ~ K E O F / 4 H t O F  / 
D A T A  X N A M E ( 1 )  /42H D A Y  NU/ 

D A T A  Y N A M l ( 1 )  /30H H E A S  S C  / 
D A T A  X N A M E ( 8 )  / 4 2 H M 8 E R  / 

D A T A  Y N A M l ( 6 )  / 3 0 H P O L  / 
D A T A  R W l l ( l t 1 ) / 1 2 H A V E  D A Y  NO. 
D A T A  R W l l ( l r 2 ) / 1 2 H A V E  SC POL. / 
D A T A  P T I T ( l , l ) / B O H  P N - 0 6  S I G N A L  P O L A R I Z A T I O N  - L E A S T  SOUA 

*RES D A T A  
D A T A  P T I T ( 1 9 2 ) / 8 O H  

/ 
P N - 0 7  S I G N A L  P O L A R I Z A T I O N  - L E A S T  SOUA 

*RES D A T A  / 

*RES D A T A  / 

*RES D A T A  / 

D A T A  P T I T (  1 9 3 ) / 8 0 H  P N - 0 8  S I G N A L  P O L A R I Z A T I O N  - L E A S T  SQUA 

D A T A  P T I T ( 1 , 4 ) / 8 O H  P N - 0 9  S I G N A L  P O L A R I Z A T I O N  - L E A S T  SQUA 

N A X R E C = 5 0 0 0  
N S I Z = 7  
R E W I N D  1 2  
I F L A C = O  

I Y E A R = 6 8  
F A T  = D Z R * B A T  
FDNG=D 2R * BONG 
I T l = O  
I T  2=2400 

NNP = 100 

P R E O z 9 0  -0 

A S G r 3  

F N S l  0.0 
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t 

1042 

444 

44 5 

443 

1040 

1000 

F N S Z  = 86400.0 

F O R M A T ( l O I 5 )  
IF (NPAV.GT.NNP)GO TO 106 
NSC =O 

J K L  -0 
C O N T I N U E  
NN SC =N SC 

READ ( 5  9 1042) I P L O T t  I P U N C H v N P A V  

T I M L S T Z - 1 .  

READ ( 12 I N P A S S 9  I DAYNO 9 K Y R t  KPNTS,  NSC 
I F ( N P A S S (  l ) .EQ.KSTOP.OR.NPASS( l ) .E~ .KEOF)  GO T O  90 
N S C z N S C - 5  
IF (NNSC.EQ.O)GO TO 445 
IF (NSC.NE.NNSC)GO TO 943 
C O N T I N U E  
J 1= J K L + l  
J 2= J K L +  K P N  T S  
IF (J2 .GT.MAXREC)GO TO 52 
R E A D (  1 2 )  
KPNT=O 
IF (NNSC.NE.O)GO TO 333 
00 443 I = 1 9 1 4  
T I T L E  (I ) = P T I  T (  I 9 NSC 
PUNCH 10409 T I T L E  
F O R M A T (  1 3 A 6 9 A Z )  

( D A Y N O (  J ) t P O L (  J ) t  J = J l t J Z )  

A V l  = 0.0 
A V 2  = 0.0 
A V 3 = 0 . 0  

DUM = ZER 
L I N E S = O  
W = F I N P T  
I T M P  = ( I Y E A R -  5 0 )  
I D A Y S  = 365 * I T M P  + ( I T M P + 1 ) / 4  
I D A Y  S = I D A Y S + I  OAYNO-1 

FDDAYS = F L O A T ( I D A Y S 1  
F D A Y S  = F D D A Y S  

K D Y = I D A Y N O - 2 6 2  
DEC l = D E C S (  KDY 9 N S C )  
D E C Z = D E C S (  K O Y + 1  (NSC 1 
R A l = K A S (  K D Y  t N  SC 1 
R A Z z R A S  ( K D Y + 1  9NSC 
I DT = I U AY NO 
W R I T E ( 6 9 1 0 0 0 )  T I T L E ~ I D T ~ D E C l ~ R A l ~ I T l ~ D ~ C Z ~ K A 2 ~ 1 T 2  
FORMAT ( 1 H  1 9 2 6 X  9 1 3 A 6  9 A 2  / / /  

* 5 4 x 9  l O H O A Y  NUMBER I 4 / /  * 
* 3 9 X  9 5 H D E C 2  F 8 3 9  4 X  4 H R A 2  Fa. 3 9 4 X  9 5 H T  I M E  16 / /  

3 9 X  9 5 H D E C  1 F 8 3 9  4 X  9 4HKA 1 F 8 3 9 4 X  t 5 H T  I M E  I6/ 

I F ( 1 F L A G  .EQ. 0 )  W=COMP 
WR I T E  1 6  9 100 1 W 

1001 F O R M A T ( 4 X ~ 4 H D A T E t 5 X t 4 H T I M E , 7 X , 2 H A Z ~ ~ X ~ 2 H ~ L ~ ~ X ~ 3 H D E C ~ 7 X ~ 2 H R A ~  
* 5 X 9 8 H P O L  R E A D 9 2 X 9 8 H P O L  READ,2X,9HPKED-READ,ZX,6HHE P O L 9  

* 3 X 9 7 H M E A S  S C t 3 X v l l H 9 O - M E A S  POL / 
* 2 X v 7 H D A Y  N O . ~ 5 X ~ 3 H G M T ~ 7 X ~ 3 H D E G 1 7 X , 3 ” O E G ( 7 X , 3 H D E G ~  
* 7 X ~ 3 H D E G i 6 X ~ 4 H P K E D ~ 7 X ~ 3 H ~ E G , 7 X ~ 3 H D ~ G t 7 X t 3 H P O L , 9 X ~ 3 H D E G  / * / I  3 2 X  9 A 6  9 3 X  ( A 6 9  24x9 3HDEGt  28x9  3 H U E G / l O X  9 A 6  

I AV=O 
PAV 1=0 .O 
P AV2=0 .0  
I D S = l  

333 C O N T I N U E  
C 
C I N P U T  P O L A R I Z A T I O N  D A T A  
C 

T S  YM= 6 L  N K  

K P N T = K P N T + l  
I F ( K P N T . G T . K P N T S )  GO TO 17 

14 C O N T I N U E  
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70 

T I M E = U A Y N O (  J K L + 1 )  
P = P O L (  J K L + l )  

6 2  I F ( T I M E  .GE. T I M L S T )  GO TO 19 
I F ( ( T I M L S T - T I M E )  .LT. 2 3 . 0 )  GO T O  66 

DO 1 0 2 2  I J = 1 , 2  
I D A Y N U = I D A Y N O + l  

KDY I I J = K D Y + I  J 
D R 1 (  I J ) = D E C S (  KDY I I J t N S C )  

1 0 2 2  O R 2 ( I J ) = R A S ( K D Y I I J t N S C )  
19 T I M L S T = T I M E  

GO TO 18 
66 T S Y M = S Y M R L (  1) 

GO TO 1 8  
1 7  C O N T I N U E  

T I M E = - 1  .O 
1 8  C O N T I N U E  

P 2 = P  
I F  ( 

20 CDNTIIVUE 
T I M E  1 4 4 4 ~ 2 0  t 20 

C 
C 
C COMPUTE GAMMA( T )  
C 

F N S E C = 3 6 0 0 . 0  * T I M E  
J K L = J K L + l  
DAYNU ( J K L  1 = F L O A T  ( I DAY N O )  + F N S E C / 8 6 4 0 0 . 0  
A V 2  = A V 2  + D A Y N O ( J K L 1  
DNSEC = F N S E C  
T AU T =U 2R * ( C 1 + C 2 * F D A Y S+ C 3 * F D A Y S * F 0 A Y S + DN S E C * C ‘7 / ( 0 N t + L 3 * F D A Y S 1 ) 
P 1 =F I N T R P  ( F N S E C t  F T ,  DK 1) 
D E C = P l  
D E C =  0 2 R * D E C  

R A = P 1  
R A=D LK *R A 
I F ( I F L A G . N E .  0 )  GO TO 2 5  

P l = F  I N  TR P ( F N  SEC 9 F T 9 DR 2 1 

C 
C COMPUTE A Z  ( E L  
C 

S 1  = 0 2 R  * (360.ODO -BONG) 
F C H A = (  T A U T - R A - S 1 )  * R 2 0  
F L H A = F M O D ( F L H A )  
F L H A =I1 2R *F  L H  A 
53 = D S I N ( F L H A )  
5 2  = D S I N ( D E C 1  
DUM = l l C D S ( D E C )  
SP = O S I N ( F A T )  
CP = U C O S ( F A T )  
S N E L  = S P * S 2  + C P + D U M * U C O S ( F L H A )  
P 1  = S N E L  
P 1  = A R S I N ( P 1 )  
E L  = P 1  
DUM = I ) C O S ( E L )  
A Z  
P l = A Z  
P 1= AKCDS ( P 1 ) 
A Z = P 1  
A2  = t i 2 0 * A Z  
AZ=FMUD ( A Z  ) 
E L  = K 2 D * E L  
I F ( E L  .GF. -90.000 .DR. F L  . L k .  90.000) GO TO 2 4  
E L = F M U D ( E L )  
I F ( F L  .GT. 2 7 0 . 0 0 0 )  G O  TO 2 3  
t L =  1 8 0  .ODO-EL 
G(1 TU 24 

2 3  EL=EL-%O.ODO 
25 CONTII \ I IJE 

= ( S 2- S P * S N  t L ) / ( CP*UUM 1 
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I F ( F L H A  .GE. P I 0 2 1  GO T O  2 5  
A Z  = 360.ODO - A 2  

I 

r 

1 

C 
C 
C 

2 5  

30 

40 

COMPUTE P O L A R I Z A T I O N  

CONT I N U  E 
O B L Q  = D 2 R  * E P S  
C A L L  
C A L L  

T R I G  ( O B L Q  T T A U T  9 S 1  T 5 2  T 5 3 9  D U M )  
T R I G  ( F A T T F O N G  ,CP T C T ,  S P T  S T )  

C X  = - (  SP*CT*DUM*S3 + S P * S T * S Z * S 3  + C p * s 1  ) 
CY = S T * D U M * S 3  - C T * S 2 * S 3  
C Z  = - C P * C T * D U M * S 3  - C P * S T * S 2 * S 3  + s P + S 1  
P H  = D 2 K  *E L 
T H E T = D 2 R * A 2  
C A L L  T R I G  ( P H T  T H E T T  CP T C T T  S P T  S T )  
U ( 1 )  = CY * SP - C Z  * CP * S T  
U ( 2 )  = - C Z  * CP * C T  - C X  * S P  
U ( 3 )  = CX * C P  * S T  + C Y  * C P  * C T  

DUM = D C O S ( P H )  * D S O R T ( D O T 1 )  

P 1  = O U T 2  
P 1  = A R S I N ( P 1 )  
DUM = P 1  
DUM = R 2 D  * DUM 
S 2  =FMOO (DUM 1 
P O L ( J K L  ) = F M O D ( P Z - S E )  
A V 1  = A V l  + P O L ( J K L )  
S l = P R E O + S 2  
S l = F M O O ( S l )  
A V 3 = A V 3 + S l  
DEC = R2D*DEC 
R A=R 2D*RA 
D U M = S l  -P 2 
S3=DUM 

C A L L  DOT ( U T U 9 00 T 1 1 

D O T 2  = - 0 ( 3 )  / DUM 

I F ( A B S ( S 3 )  .LT. 180.ODO) GO T O  40 
I F ( S 3  .GE. Z E R )  GO T O  30 
S 3 = 5 3 + 3 6 0 . 0 D O  
GO TO 40 
C O N T I N U E  

C O N T I N U E  
D U M = S 3  
P1=90.0DO-POL ( J K L )  
W R I T E ( ~ T ~ ~ O ~ ) D A Y N O ( J K L ) , T S Y M T T I ~ E T ~ Z , E L T D ~ ~ T R A T P T S ~ T ~ U M , S ~ T  

S 3 = S 3 - 3 6 0  .OD0 

* P O L (  J K L )  , P 1  
1005 F O R M A T (  l x ~ F 9 . 5 ~  A l l F 8  . 4 T l O F 1 0 . 3 /  

L I N €  S = L  I N E S +  1 

L I N E  S=O 
I F ( L 1 N E S  .LT. 4 7 )  GO TO 3 3 2  

W R I T E ( ~ , ~ O O O ) T I T L E , I D T T D € C ~ , ~ A ~ T I T ~ ~ D E C ~ T ~ A ~ T I T ~  
W R I T E  (6 9 1001 1 

332  C O N T I N U E  
I F ( N P A V . E Q . O ) G O  TO 335 
I A V = I  A V + 1  
P A V  1 =P AV 1 +DAYNO ( J K L  1 
P AV 2=P AV 2+PO L ( J K  L ) 
I F ( I A V . L T . N P A V )  GO T O  333  

C A L L  S T A T  ( I AV , U A Y N U  ( I D S  1 P A V l  P S G l  
C A L L  S T A T (  I A V , P O L ( I D S )  , P A V ~ T P S G Z )  
K A V = O  
PAV3=O.O 
P A V 4 = O  .O 

I D P = I D S + I  -1 

K A V  =KAV+ 1 

D O  1070 I = l ? I A V  

I F ( A B S (  P O L (  I D P I - P A V Z )  .GT. &\SG*PSGE) GO T U  1 0 7 U  

I 
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1070 

1 1 1 3  

11 14 

11 11 

11 17 

33 5 

1006 
99 

C 
C 
C 

90 

10 10 

B l ( K A V ) = D A Y N O ( I D P )  
132 ( K AV 1 = P O L  ( I OP 1 
P A V 3 = P A V  3+B 1 ( K A V  1 
P A V 4 = P A V 4 + 8 2 (  K A V )  
C O N T I N U E  
I F ( K A V . E Q . I A V )  GO TO 1113 
C A L L  S T A T (  K A V t  8 1  t P A V 3 9 P S G 3  1 
C A L L  S T A T ( K A V t B 2 9 P A V 4 9 P S G 4 )  
GO TO 1114 
C O N T I N U E  
P A V 3 = P A V 1  
P A V 4 = P  A V 2  
P S G 3  =P SG 1 
P S G 4 = P  SG2 
C O N T I N U E  
W R I T E ( 6 ~ 1 1 l l ) K A V ~ P A V 3 ~ P A V 4 t P S G 4 ~ P A V l ~ P A V 2 ~ P S G 2  
FORMAT ( I 5 9 8 F 1 2 . 5 )  
PUNCH 11 1 7 9  P A V 3 9 P A V 4 9 P S G 4 t  P A V l t  P A V Z ,  P S G Z p K A V  
FORMAT ( 6 F  10 .5  9 I 10 1 
I AV =O 
P A V  1=0.0 
PAV2=O.O 
I D S =  J K L +  1 
60 T U  3 3 3  
C O N T I N U E  
I F ( 1 P U N C H  . E Q .  1 .OR. I P U N C H  .EQ. 3 )  GO TO 333 
PUNCH 1 0 0 6 t D A Y N O ( J K L ) t P O L ( J K L )  
FORMAT ( 2 F  10 -5  1 
GO TO 3 3 3  

COMPUTE AVE DAY NO 9 AVE P O L A R I Z A T I O N  

C O N T I N U E  
I F ( J K L  .LT. 2 )  GO TO 447 
C A L L  S T A T ( J K L t D A Y N O t A V 2 t S I G l )  
C A L L  S T A T (  J K L 9 P O L p A V l y S I G 2 )  
W R I T E  ( 6 9  1010 1 A V 2 t  S I G l t  A V 1  t S I  G2  
F O R M A T (  1 H O t  1 9 H A V E  D A Y  N D t S T D  D E V  7 3 x 1  

* 2OHAVE MEAS P O L t S T O  D E V I  
*F 11.3 t l H t F 9 . 5 ~ 7 6 X  t F 1 2 . 3 9 1 H t F 9 . 5 )  

I F ( 1 P U N C H  .EO. 2 .OR. I P U N C H  .EO.  3 )  GO T U  8 2  

1030 FORMAT ( 3 F  10.3 1 
PUNCH 10309 A V 2 9  A V 1 9 A V 3  

8 2  I F ( I P L 0 T  .EQ. 0 )  GO TO 447 
I F ( J K L  .LT. 4 )  GO TO 447 
R O W 2 ( 1 )  = A V 2  
R O W 2 ( 2 )  = A V 1  
N P (  l ) = J K L  
I N T R P (  1)=0 
J X ( 1 ) = 1  
J Y  ( 1 ) = 2  
K C = 1  
C A L L  K C P L ( X Y t M A X R E C t K C , J X 1 J Y 1 N P 1 I N T R P t S Y M ~ L , T I T L E ~ X I ~ A M E ~ Y N A M l ~  * R W 1 1 9 R O W 2 9 N R )  

44 7 
5 2 5  

943 

44 8 

5 2  

W R I T E  ( 6 9 5 2 5  ) 
F O R M A T (  1 8 H l J O B  COMPLETE 1 
STOP 
C O N T I N U E  

FORMAT ( 3 0 H O  S P A C E C R A F T  NOT T H E  SAME 1 
GO TO 90 
W R I T E  ( 6 9 5 2 0  1 

WR I T E  ( 6 9 448 ) 
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5 2 0  F O K M A T (  66HOTHE MAXIMUM ALLOWABLE N U M B E R  UF D A T A  P O I I k T S  H A S  B E E N  E 
* X C  E ED ED 1 

S T O P  
106  k R 1 T E ( 6 ~ 1 0 6 0 ) N N P  

1 0 6 0  FDRMAT(44HlNUM8ER OF POINTS I lk  RUNNINL A V t R A G E  E X C E t O S  1 5 )  
S T O P  
E N D  

BLOCK D A T A  

COMMON /DRDATA/ D E C S (  1 0 5 ~ 4 )  ~ R A S ( 1 0 5 , 4 )  
OAT A 

$ I B F T C  D C R A  

C TRAJECTORY D A T A  S T A R T S  W I T H  S E P T .  19,1964, 

( DECS ( I 1 1 )  1 R A  S ( I T 1 ) T I =OO 1 7 0  12 / 
4.71279 1 6 8  - 8 4 0 1 1  4.3011 9 169.8113,  3.88751 170 .78351  
3 - 4 7  18 7 17 1 7 5 6 8 1  2 e6351  T 1 7 3  7 0 6 9 1  

* 2.2 1 4 2  9 174.6 8 4 0  9 1 368  1 T 176.6427 T 

* 0 . 9 4 3 0 , 1 7 7 . 6 2 4 5 ~  0 . 5 1 6 8 ,  178.60819 0 . 0 8 9 6 ~ 1 7 9 . 5 9 3 7 /  

3.0543, 172.7312 
1.79 18 7 175 6625 7 

D A T A  ( D E C S (  I 1 1 ) , R A S ( I  ~ l ) ~ I = 0 1 3 1 0 6 0 ) /  
c -0 .33861 1 8 0 . 5 8 1 2 ,  -0 .7675,  181 .5709 ,  - 1 . 1 9 7 0 ~  182.56299 
c -1.62711 183 .55721  -2.0576,  184.55401 -2.48841 185.55351 
c 1 8 8  5 6 9 0  T 
.T -4.2 1 15 9 1 8 9  580  3 -4.64 171 190 .5949  t -5 0 7  13 T 1 9  1 6 1  29 T 

-,. -6 - 7 8  11 , 195.7209 t -7.20571 1 9 6  7 5  75  -7.6266 9 197 7 9 8 2  T 
c -8 .0502 1 9 8  e8430 9 -8 .4699,  199 .8921  T -8 8 8 7 5  , 200.94561 * -9.30301 2 0 2 . 0 0 3 6 ,  -9.71611 2 0 3 . 0 6 6 1 ,  -10.12681 2 0 4 . 1 3 3 3 ,  * -10  5 347 205.2053 T -10 9 3 9 8 ,  206.282 1 T -11  3 4 1 8  T 207.36391 
* -11.74069 208 .4506 ,  -12.13591 2 0 9 . 5 4 2 3 ,  -12.52761 210.63921 
* -12 - 9  155  9 2 1 1  74141  -13.2995,  2 1  2.8488 -13 - 6 7 Y L  2 13.96161 * -14 .0546 ,  2 1 5 . 0 7 9 8 ,  -14.4254,  216.20361 -14 .7914 ,  217 .3329 ,  
* - 1 5 . 1 5 2 5 ,  2 1 8 . 4 6 7 8 ,  -15.5085,  219 .6084 ,  -15 .85Y2 ,  220 .7547 ,  
c -16 2 0 4 3 ,  22 1 e90671  -16.54371 223.0645 T -16.8772 T 224.22809 * -17.2046 T 2 2 5 - 3 9 7 3 ?  -17.52561 2 2 6 . 5 7 2 3 ,  - 1 7 . 8 4 ~ ~ 2 ,  2 2 7 . 7 5 3 0 ,  
0 - 1 8 . 1 4 8 0 ,  228 .9394 ,  -18.44881 2 3 0 . 1 3 1 5 ,  -18.74261 2 3 1 . 3 2 9 3 /  

-2 9 1 9  3 1 18 6 555 7 -3 3 502 1 8  7.56 0 9  T -3 7 8  1 U T 

* -5 500  2 1 1 9  2 e 6 3 4 3  -5 9 2  82 T 1 9 3  6 5  9 4  T -6  3 5 5 3  T 1 9 4  6 88 2 9 
* 

DATA ( D E C S (  1 9 1 )  T R A S ( I  r l 1 r I = O 6 1 , 1 0 4 ) /  
L 
-,. -19 .0291 ,  232.53261 -19.30801 233.74151 -19.57933, 234.95571 
* -19.84261 2 3 6 . 1 7 5 4 ,  -20.09801 237.40031 -20.34501 238.63031 * - 2 0 . 5 8 3 7 ,  239.86539 -20.81379 241 .1052 ,  -21.035U,  242.34971 
c -2 1.24731 243.5988 T -21.45069 244.85241 -21  6 4 4 6  T 246.11 0 2  T 
e -21 .82921  247 .3721 ,  -22.0043,  248 .63791  -22 .1698 ,  2 4 9 . 9 0 7 5 ,  * -22 .3254 ,  251 .1806 ,  -22.47201 2 5 2 . 4 5 7 1 ,  -22.60709 253.73689 
-,. -22.73261 255.01941 -22.84811 256 .30471  -22 .9533 ,  257 .59241  * -23 .0480 ,  258.88241 -23.13241 260.17431 -23.2002,  2 6 1 . 4 6 8 0 ,  * -23 .2694 ,  262.76321 -23.32201 264 .0596 ,  -23.36391 265.35691 
* -23.395 1 ,  266.6550 -23.4156, 267.9535 -23.4254 T 269.25 21  T 
.T - 2 3 . 4 2 4 4 ,  270 .5505 ,  -23.4127,  271.84881 -23.39031 273.14631 
c -23 .3571 ,  274 .4427 ,  -23.31341 2 7 5 . 7 3 7 9 ,  -23 .2590 ,  2 7 7 . 0 3 1 5 ,  
* - 2 3 . 1 9 4 1 ,  278.32331 -23.1187, 279.61301 - 2 3 . 0 3 L Y ~  2 8 0 . 9 0 0 4 ,  
* -22.93671 282.18521 -22.83031 283.46711 -22.71381 284.74611 

* 

* 

-22.5872 T 286.021 71 -22.45071 287 .2939 /  * -,. 

D A T A  ( D E C S (  112) T R A S (  I 2 )  1 1 = 0 0 1 , 0 1 2 )  / 
- 1 7 . 6 7 8 7 ~ 2 2 7 . 0 4 8 6 ,  - 1 7 . 9 4 3 2 ~ 2 2 8 . 0 4 8 0 ~  -18 .2030 ,229 .0520 ,  * -18 - 4 5 8 1  T 230 .06059 -18.70827 231.0735 -18.9531 123L.09 1 0 ,  

* -19.1928,233.1128T - 1 9 . 4 2 7 1 ~ 2 3 4 . 1 3 8 7 r  -19 .65581235 .1686 ,  
2 3M 28 01 / -19 8 7  87 T 2 36 20 2 3  -20 0 9 5 7  T 237.2395 T -20 3 0 6 7  

D A T A  ( D E C S (  I T 2 )  , R A S (  112) T I = 0 1 3 1 0 6 0 )  / 
-2 3.5 7 6 7  9 27 2.598 21 -23.5583 9 2 7 3  5 5 8 5  T -23.5340 T 2 7 4  e5201  T 

* -23 .50371  2 7 5 - 4 8 3 0 ?  -23.46741 276 .4470 ,  -23.42501 2 7 7 . 4 1 2 0 ,  
e -23.37679 278.37801 -23.3223, 2 7 9 . 3 4 4 9 ,  - 2 3 . 2 6 1 Y ~  280 .3126 ,  
* -23 .19559  281.28119 -23.12309 282 .2503 ,  -23 .04451  283.22021 
* -22.95999 2 8 4 . 1 9 0 8 ,  -22.86931 285 .1619 ,  -22 .77L6 ,  286 .1336 ,  * -22.7933 255.31711 -22.89011 2 5 6 - 4 0 4 8 ,  -22 eY7951 257.49511 
* -23 .0616 ,  258 .5879 ,  -23.13639 2 5 9 . 6 8 3 1 ,  -23 .2034 ,  260 .7807 ,  
* -23.26301 261.88031 -23.3149,  2 6 2 . 9 8 1 9 ,  -23 .3592 ,  264.08511 * -23 .3956 ,  265 .1896 ,  -23.4243,  266.29521 -23 .4451 ,  267.40141 
* -23.4580 268.50801 -23.4631, 269.61461 -23 - 4 6 0 3 1  270 .7209 ,  * -23 .4497 ,  271 .8267 ,  -23.4313,  2 7 2 . 9 3 1 9 ,  -23.40511 2 7 4 . 0 3 6 2 ,  * -23.37119 275 .1394 ,  -23.32949 276 .24151  -23.28U1,  277 .3424 ,  

* -e 
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* -2  3 22 3 1 278 4420  - 2  3.15 8 6  2 7 9.540 1 -2 3 086 5 2 8 0 6 36 8 
* -23.0070,  28 1.73209 -22.9200 2 8 2 - 8 2 5 6 ?  -22 .8256 ,  283.91 76  
* -22 .7239 ,  285 .0080 ,  -22 .6148 ,  286 .0968 ,  - 2 2 . 4 9 8 4 ,  2 8 7 . 1 8 3 9 ,  
* -22.3748,  288.26929 -22 .2439 ,  289 .3529 ,  -22 .1059 ,  2 9 0 . 4 3 4 7 /  

D A T A  ( D E C S ( I 9 2 )  t R A S (  1 9 2 )  , I = 0 6 1 9  1 0 4 ) /  * -2 1.9606 29 1.5 1 4 8  -2 1.8083 292 .5930 ,  -21  e6489  t 293.66 9 1  t * -21.48251 2 9 4 - 7 4 3 1 ?  -21 .309? ,  2 9 5 . 8 1 4 6 ,  -21.12909 2 9 6 - 6 8 3 5 ,  * -20.94221 2 9 7 . 9 4 9 4 ,  -20 .7488 ,  2 9 9 . 0 1 2 1 ,  -20 .5490 ,  3 0 0 . 0 7 1 4 ,  
* -20 .3429 ,  301 .1270 ,  -20.13069 302 .1789 ,  -19 .9122 ,  303 .2268 ,  * 3 06 34 5 9 t 
* -18 .9814 ,  307 .3773 ,  -18 .7349 ,  308 .4045 ,  -18.48329 3 0 9 - 4 2 7 6 ?  
* -18.2264,  310 .4465 ,  -17 .9645 ,  311 .4612 ,  -17 .6977 ,  3 1 2 - 4 7 2 0 .  
* -17 426 1 ,  31 3.4788 9 -17 .1497 ,  314.4817 -16.86&7 3 15 - 4 8 0 8 9  * -16.5830,  316 .4762 ,  -16.2929,  3 1 7 - 4 6 8 0 .  -15 .9984 ,  3 1 6 - 4 5 6 4 ,  * -15 .6994 ,  319 - 4 4 1  3 ,  -15.3962 , 320.0432 -15 e 0 8 6 7  9 32  1.40161 * -14 e777 1 ,  322 .3771  -14 .4615 ,  323.3493 -14.14191 324.31 85 9 * -13 .8186 ,  325.28449 -13 .4916 ,  326 .2471 ,  -13 .16131  3 2 7 . 2 0 6 2 ,  
* -12.8276,  328 .1619 ,  -12 .4908 ,  329 .1139 ,  -12 .1512 ,  3 3 0 . 0 6 2 2 ,  * -11 .8087 ,  331 .0068 ,  -11 .4637 ,  331 .9476 ,  -11 .1162 ,  3 3 2 - 8 6 4 8 ,  * -10.76649 333 .8182 ,  -10.4144,  3 3 4 . 7 4 8 0 /  

* -23.34429261.22629 -23.39469262.16089 - 2 3 . 4 3 9 5 ~ 2 6 3 . 0 9 8 0 ~  * -23  4 7 8 9  26 4.0 377 -2 3 5 12  7 9  2 6 4  9 8  00 9 -2 3 5 4 0 9  2 65 .9248  v * -23.5634,  266 e87 19 -23 .5801 ,  2 6 7 . 8 2 1 4 ,  -23.5911 9266 .7730 ,  
4 -23.59639269.7266,  -23.59579270.68219 -23 .5892 ,271 .6394 /  

-1 9 -6 88 0 304.270 6 t -1 9 4 5  80 305  31 0 4  9 -1 9 2 2 2 5 T 

D A T A  ( D E C S ( I 9 3 )  , R A S (  1 ~ 3 )  9 1 = 0 0 1 1 0 1 2 ) /  

D A T A  ( D E C S ( I . 3 )  ( R A S ( I 9 3 )  , 1 = 0 1 3 , 0 6 0 ) /  * -0.0000, -0 .oooo, -0 .oooo, -0 .0000,  -0 .0000,  -0 .0000,  
* -0.0000, -0.0000, -0.0000, -0.0000, -O.OOUD, -0.0000, 
* -0 .oooo, -0 .oooo, -0 .oooo , -0 .0000,  -0.0000, -0.0000, 
* -0.0000, -0.0000, -0.0000, -0.0000, -0.oou0, -0.00001 
* -0 .oooo , -0 .oooo , -0 .oooo , -0 .0000,  -0. 0000, -0. 0 0 0 0 ,  
* -22.6699,  287 .1058 ,  -22.5611,  2 8 8 . 0 7 a 4 ,  -22.4463,  289.0515,  
9 -22 3 2 5 4 ,  290.0249 -22.19849 2 9 0 . 9 9 8 7 ,  -22 .0653  t 291 .9729 ,  
* -2 1 a92629 2 9 2 . 9 4 7 3 ,  -21.7810 2 9 3 . 9 2 1 9 ,  -21  e6297 9 294.8966 9 

* -21.47249 295 .8714 ,  -21.30919 2 9 6 . 8 4 6 1 ,  -21.13Y8,  2 9 7 . 8 2 0 6 ,  

* -20 9 6 4 6 ,  298  - 7 9 4 7 ,  -20 7 8 3 6 ,  2 9 9 . 7 6 8 4 ,  -20 .5966  300.7415 9 

* -20 - 4 0 3 9  , 30 1 e7 1 3 9  -20 2 0 5 4 ,  302 e6856  , -20.00 13 9 303.65 66 9 

* -19 .7915 ,  304 .6266 ,  -19 .5760 ,  3 0 5 . 5 9 5 7 ,  -19 .3531 ,  306 .5639 ,  
* -19 .1286 ,  307 .5311 ,  -18 .8968 ,  308 .4974 ,  -18 .6595 ,  3 0 9 . 4 6 2 6 ,  
9 -18 4170  3 10 4268 - 1  8 1 6 9 1  9 3 11 3900  9 -17.9 1 6 0  T 3 12.3522 9 

* -17 .6578 ,  313 .3133 ,  -17 .3944 ,  3 1 4 - 2 7 3 5 ?  -17 .1260 ,  315 .2327 ,  
* -16 .8526 ,  316.1910,  -16 .5741 ,  3 1 7 - 1 4 8 4 ,  -16 .2908 ,  318 .1050 /  

* -16 .0025 ,  319.0607,  -15 .7094 ,  320.01569 - 1 5 . 4 1 1 3 ,  3 2 0 - 9 6 9 8 ?  * -15.1090,  321 .9233 ,  -14 .8017 ,  322 .8760 ,  -14 .4899 ,  323.82791 
* -14 .1737 ,  324.7790,  -13 .8531 ,  325 .7293 ,  - 1 3 . 5 2 8 2 ,  3 2 6 - 6 7 8 6 ,  * -13.19911 327 .6271 ,  -12.86609 328 .5746 ,  -12.52M9, 3 2 9 . 5 2 1 1 ,  
* -12.1879,  330 .4668 ,  -11 .8432 ,  331 .4115 ,  - 1 1 . 4 9 4 8 ,  332 .3554 ,  * -11.1428,  333 .2983 ,  -10 .7874 ,  334 .2405 ,  -10 .4286 ,  3 3 5 - 1 8 1 8 ?  * -10 .0665 ,  336 .1224 ,  -9.70129 337 .0623 ,  -9 .3328 ,  338 .0016 ,  * -8 - 9 6  15 338 a94039 -8.58721 339 .8785 ,  -8 .2101 1 340.8163 t 

* -7 .8302 ,  341 .7538 ,  -7 .44781 342 .6910 ,  - 7 . 0 6 2 7 ,  343 .6281 ,  * -6 .6751,  344 .5651 ,  -6.28511 345 .5023 ,  -5.89L89 346 .4396 ,  * -5 .4982,  347 .3771 ,  -5 .1014 ,  3 4 8 . 3 1 5 1 ,  -4.70269 349.25351 * -4 30  19 350 1 9 2 3 ,  -3.89939 351.1317 -3.493 1, 352.07 16 t * -3 .0893,  353 .0121 ,  -2 .6821 ,  353.95329 -2.27361 354.89497 * -1 .8640 ,  355.83739 -1 .4533 ,  356.78059 -1 .0418 ,  3 5 7 - 7 2 4 4 ,  * -0 - 6 2 9 6  358 a6691 -0 .2167 ,  3 5 9 . 6 1 4 7 /  

* 2 1.0328 132.14349-1 5 - 0 0 1 2 ,  325.7994 1-13.7574,327* 8777  t * -13.2614~328.6914~-12.9250~329.2401~~12.8180~329~4149~ 
4 -12.698 1,329.6124,-12.6088,329.7615 9-12.538My 3 2 9 - 8 8 0 8  9 

* -1 2.48161329.98119 -12.4329 330 .0690 , -12 .3901  1 3 3 0 . 1 4 8 5 /  

D A T A  ( D E C S  ( I 3 1 9 R A S  ( I 3 1 I =061 1 0 4 )  / 

D A T A  (DECS(I,41,RAS(I,4),1=49,60)/ 

E NO 
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BIBFTC INTRP 
FUNCTION 
DIMENSION X A ( 2 )  f Y A ( 2 )  

F INTRP ( X  7 X A  v Y A )  

X 1  = X A ( 1 )  
X2 = X A ( 2 )  
Y 1  = Y A ( 1 )  
Y 2  = Y A ( 2 )  
I F ( X 1  .EQ. X Z )  GO TO 9 0  

I F ( X  .EQ. X 1 )  GO TU 7 0  
I F ( X  .EO. X2)  GO TO 8 0  
Y =Y 2-Y 1 
I F ( A B S ( Y )  .LE. 180.0) GO TO 10 
I F ( Y )  57597  

5 Y 2=Y 2+360 e 0  

I F ( ( X . L T . X l ) . O R . ( X . G T . X 2 ) )  GO TO 90 

GO TO 10 

10 CONTINUE 
7 Y l = Y  1+360.0 

FINTRP = ( ( X - X l ) * Y 2 + ( X 2 - X ) * Y l )  / ( X 2 - X l )  

RETUKN 

RETURN 

RETUKN 

I F  (FINTRP .GT. 360.0) FINTRP=FItVTKP-360.0 

70 FINTKP = Y 1  

80 F INTKP = Y2 

90 WRITE(bw100)  X f X A p Y A  
100 FORMAT( 2lHOINTERPOLATIUN ERROR 5E16.8) 

STOP 
END 

$IBFTC STATIS 
SUBROUTINE STAT(NyA9AVE 7 SIG) 
DIMENSION A ( 2 )  
FN=FLUAT(N 1 
AVE = AVE / FN 
s=o.o 
DO 10 I = l y N  
SIG = AVE - A ( I )  

S I G  = SQRT(S/FN) 
RETUKN 
END 

10 S=S+SIG*SIG 

SIBFTC FMODD 
DOUBLE PRECISION FUNCTION FMOD(FLhA1 
DOUBLE PRECISION FLHA,ZER*Sl 
DATA ZER t S l/O.ODO 7 360 .0D0/ 

2 1  CONTINUE 
IF (FLHA .LE.Sl) GO TO 2 2  
FLH A=F LH A-  S1 
GO TO 2 1  

2 2  CONTINUE 
I F ( F L H A  .GE. ZER) GO TO 2 3  
FLHA=FLHA+Sl 
GO TO 2 2  

2 3  CONTINUE 
FMOD=FLHA 
RETUKN 
END 

$ IBFTC ROTM 
SUBROUTINE T R I G ( P H I ~ T H E T A , C O S P H I 1 C O S T H , S I t V P H I , S I N T H )  
DOUtlLE PRECI SION PHI  ,THETA,COSPHI ,COSTH, SINPH I ,  S INVH 
COSPHI = DCOS(PH1) 
COSTH = OCOS(THETA) 
SINPHI  = DSIN(PH1)  
S INTH = DSIN(THETA1 

RETUKN 
END 

JPL TECHNICAL REPORT 32-7401 

~ . -  ._. 

75 



6 I B F T C  DOTP 
SUB ROU T I  NE 

D I M E N S I O N  

DO T ( S 9 E 9 DOTP 1 
DOUBLE P R E C I S I O N  S , E v U O T P  

S (  3 1 9  E ( 3 1 
OOTP= S (  1) * E  ( 1 ) + S ( 2 1 ::E ( 2 ) + S  ( 3 )  * E  ( 3 
R E T U R N  
END 
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1 Appendix E 
I 

I 
Special Data Manipulating Computer Programs Listings 

I 

These programs were written for the IBM 1620 computer and used to manipulate the data required for various 

(1) Program CTS 40 (see Section 111-C) corrects right ascension and declination antenna pointing data as obtained 
from the JPL SPACE computer program. The corrections are obtained from antenna boresight data. 

(2) Program CTS 41 (see Section 111-C) is used to manipulate the updated data from program CTS 40 to compute 
the position of the probe relative to the sun in the plane of the ecliptic. Punched card output is available for 
plotting and for use with the Faraday rotation program CTS 42. 

(3) Program CTS 43 (see Section V-B) is used to correct the measured signal polarization for the Faraday rotation 
due to the earth's ionosphere. A linear interpolation of the data obtained from the ATS-1 satellite is subtracted 

(4) Program CTS 44 (see Section VI-B) transforms the magnetic field as measured in the vicinity of the earth 
(using Explorer 33 data) to the central meridian of the sun. Punched card output is available for use with the 
Faraday rotation program CTS 42. 

(5) Program CTS 46 (see Sections IV-C and V-B) is used to simultaneously average data for specified sequence 

I phases of the experiment. The programs are summarized as follows: 
~ 

I 
I 
I 

I 
I 
I , from the original measured data. Punched card output is provided. 

1 

I lengths in two parameters. Typically, one of the parameters is time. Standard deviations of the two parameters 
I 

are provided. 

a40 
C O R B I T  D A T A  PROGRAM C T S 4 0 , 2 / 1 9 6 9  

D I M E N S I O N  X (  ZOO 1 ,Y ( Z O O  1 ,  X l ( 2 0 0  I v y 1  (200) 9 X 2 ( 2 0 0 ) 9 Y 2  ( Z O O  ) t D O Y  ( Z O O  I t 

1 x 3 ( ~ 0 0 ~ T Y 3 ( 2 0 0 ~  
50 R E A D  1 v N  
1 FORMAT ( 1 5 )  

P R I N T  10 
10 FORMAT ( 1 H l t  3 X 3 H D O Y  8 X 2 H X 1  8 X 2 H Y 1  8 X 2 H X 2  8 X 2 H Y Z  9 X l H X  9 X l H Y )  

R E A D  2 9  ( D O Y  (I ) 7 x 1  ( I  ) t Y 1 (  I) T X 2 (  I) T Y 2  ( I) t I=l t N )  
2 FORMAT (5F10 .0 )  

DO 100 I = l r N  
C 1 O= . 0 9.1 7 
C l R A = . 0 9 8 3  
CZD=- .OOO 2222 

X ( I ) = X  1 ( I ) + C 1  D+C 2D*DOY ( I 1 
Y ( I ) =Y 1 ( I ) + C  1RA+C2KA*DOY ( I 1 
x 3 ( 1  ) = X ( I  ) - X Z ( I )  
Y 3 ( I ) = Y ( I ) - Y Z ( I  1 
P R I N T Z O t D O Y  ( I  1 TX (I 1 t Y  ( I 
P U N C H  

C Z R A = - . 0 0 0 4 4 4 4  

T X Z  ( I  ) t  Y 2 (  I) t X 3 (  I TY3 ( I ) 

20 vY ( I ) t X  ( I ) 
20  FORMAT (7F10.3)  

100 C ONT I NU E 
P U N C H 3 0 9  ( Y 3 ( I ) , x 3 ( 1 ) 9 I = 1 T N )  

30 F O R M A T  ( 2 F 1 0 . 4 )  
GO T O  50 
E NU 

t 
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CTS 41 
C C . S T E L Z R I E D  C T S  41 3 / 2 2 / 6 9  

D I M E N S I O N  DAY*( 100 1 t DP (100 1 T A P  ( 100 ) t R P (  100) 9 DS (100) c A S  ( 100 1 t R S  ( 100) 
1 t R  (100 1 t Z  ( 100 1 t X (  100 1 r X P (  100 I t  Y P (  100) 1 Z P (  100 1 ,XS ( 100 1 t Y S (  100) v 

ZS ( 100 ) TACOS(  100 ) ,RP 1( 100 1 9 SI GN( 100) 9 R S P (  100) 
50 R E A D l t N  
1 FORMAT ( 1 5 )  

P R I N T  2 
2 FORMAT ( l H l r  48H C e S T E L Z R I E D t C T S  4 1  3 / 2 2 / 6 Y /  

P R I N T  3 

P R I N T  10 
3 FORMAT ( 1 H t 4 7 H  E Q U A T O R I A L  T O  P L A N E  OF E C L I P T I Z  T R A N S F O R M A T I O N )  

10 FORMAT ( ~ H O T ~ H D A Y ~ X ~ H D E C P ~ X ~ H R A P ~ X ~ H R P  8 X 4 H D E C S 5 X 3 H R A S 7 X 3 H R S  7 X  
1 1 H R  8 X l H X  8 X l H Z  8 X 4 H R S P  1 

R E A D  l l t  ( D A Y  ( I  

READ 

t D P (  I ) t A P ( I  ) r D S (  I )  ? A S (  I ) r I = l  t N )  
11 FORMAT (5F10.0) 

12 FORMAT ( 4 5 X 1 2 E 1 5 . 5 )  
1 2 1  ( R S (  I )  t R P  ( I  ) t I = 1 1 N )  

R S U N = . 6 9 5 9 8 * 1 0  .**6 
C = 5 7 . 2 9 5 7 7 9 5 1  

C1 A = . 0 6 4 3  
E =23 .440 /C .  

C 2A=- .000  3543 
DO 100 I = l , N  
D P ( I ) = D P ( I ) / C  
AP ( I ) =  ( AP ( I 1 +C l A + C 2 A * D A Y  ( I 1 1 /C 
RP ( I 1 = R P  ( I 1 /R S UN 
RS ( I ) =  R S (  I 1 / R S U N  
D S ( I ) =  D S ( I ) / C  
A S ( I ) =  A S ( I ) / C  
X P (  I ) =  RP ( I ) * C O S (  DP ( 1  I ) * C O S  ( A P (  I )  I 
X S ( I ) =  R S ( I ) * C O S ( D S ( I  ) ) * C O S ( A S (  I ) )  
Y P ( I 1 =RP ( I * ( C O S  ( DP ( I 1 *SI N ( A P ( I 1 *C OS ( E +S I N  ( IOP ( I ) 1 *S IN ( E  1 ) 
Y S ( I ) = R S ( I  ) * ( C O S ( D S ( I  ) ) * S I N ( A S (  I )  J*COSIE)+SIN(DS(I ) ) * S I N ( E ) )  
Z P ( I  ) = R P ( I ) * ( - C O S ( D P ( I )  ) * S I N ( A P (  I )  ) * S I N ( E ) + S I N ( D P ( I  1 ) * C O S ( E ) )  
ZS ( I  ) = R S (  I I * (  -COS(  D S (  I ) * S I N ( A S (  I )  ) * S I N (  E ) + S  I N ( D S  ( 1  ) ) % O S ( € )  ) 

ACOS(  I ) =  ( X P  ( I ) * X S (  I ) + Y P  ( I I * Y S  ( I ) + Z P c  I ) * Z S  ( 1 )  ) /  ( R S  I 1  ) *RP ( I  ) ) 
R P l ( I ) = R S ( I  ) * A C O S ( I  1 
R (  I ) = S Q R T ( A B S  ( R S (  I ) * * Z - R P l (  I ) * * 2 )  1 
Z ( I  ) = Z P ( I  ) * R P 1 (  I ) / R P ( I  1 
S I G N ( 1  ) = ( A S (  I ) - A P (  I )  ) / A B S ( A S (  I ) - A P (  I )  1 
X I I ) = S I G N ( I ) * S Q R T ( A B S ( R ( I ) * * Z - Z ( 1 ) ~ * 2 ) )  
R S P ( 1  ) = S Q R T ( A 8 S ( R S ( I ) + * 2 * R P ( I ) * * 2 - 2 . * R S (  I ) * R P ( I ) * A C O S ( I  ) )  1 
P R I N T  2 O t D A Y  ( I  ) r D P ( I  ) 1 A P ( I  ) r R P ( I  ) t D S (  I )  * A S (  I )  c + S ( I  ) t R ( I  ) y X ( I  1 v Z ( I )  

I t R S P ( 1 )  
20 FORMAT I F 7 . 1 1 2 F  10 a 5  1 F 1 1  31 2 F 1 0  5 9 5F9 3 1 

PUNCH 25 ,DAY ( I 1 t X  ( I ) t Z  ( I t R P (  I ) t R S (  I )  t R S P (  1 )  
25 FORMAT ( 6 F 1 0 . 4 )  

100 C O N T I N U E  
PUNCH 30 t ( X  ( I ) 9 Z ( I ) t I = 1 ~  N 1 

30 FORMAT ( 2 F 1 0 . 4 )  
GO TO 50 
END 
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CTS 43 
C D A T A  C O R R E C T I O N  C T S  43 5 / 6 / 6 9  

D I M E N S I O N  T 2 ( 8 0 0 ) t Y 2 ( 8 0 0 )  
P R I N T  110 

200 N = l  
100 R E A D  1 0 7 t T Z ( N ) t Y Z ( N )  

I F  ( T 2 ( N ) - 9 9 9 9 9 . ) 5 7 8 1 5  
5 N = N + l  

8 C O N T I N U E  
GO T O  100 

N=N-1 

P R I N T  109 
P R I N T  1 0 7 r ( T 2 ( I ) t Y Z ( I ) t I = l , N  1 

150 R E A D  1 0 7 t T l t Y l  
DO 300 J Z 1 . N  
I F ( T  1 - T 2 (  J 1 1250 1300 t 300 

300 CONT I IVUE 
250 C=Y 2 ( J-1) + (  Y 2 (  J ) - Y 2  ( J-1 )  ) * ( ( T l - T Z  ( J-1 1 ) / ( T 2  ( J  1 -T2  (J-1) 1 1 

Y=Y 1-c 
P R I N T  1081 
PUNCH 1 0 7 r T l r Y  

T l t Y  C Y  1, T 2 (  J )  9 Y 2 (  J 1 t C  

GO T O  150 
107 FORMAT ( 2 F 1 0 . 5 )  
108 FORMAT ( 6 F 1 0 . 5 )  
109 FORMAT ( 1 H  , 2 H T l t 9 X l H Y t 9 X 2 H Y l t 7 X 5 H T 2 (  J )  t 7 X 5 H Y 2 ( J )  1 5 X l H C  1 
110 FORMAT (1HJ.t  3 0 H D A T A  C O R R E C T I O N  PROGRAMYCTS 43 )  

END 
CTS 44 

C E X P L O R E R  33 D A T A  MODI  F I C A T I O N t C T S  44 
P R I N T  100 

P R I N T  120 
100 FORMAT ( 1 H l t  35H EXPLORER 33 DATA C O R R F C T I O N t C T S  44 )  

120 FORMAT ( 8 X t 4 H D A Y C t 8 X 2 H B C )  
101 R E A D  110 r D A Y t E H r E M r E S r B r T t P  
110 FORMAT ( 4 F 5 . 0 t 3 F 1 0 . 0 )  

DAY=DAY+EH/24 .+EM/ (24 . *60 .  )+ES/  (24.*60.*60.) 
DAYC= OAY-4. -1 .5 /24 .  

C z 3 . 1 4 1 5 9  /180. 
T =T *C 
P=P*C 
B C = - (  B*COS(  T ) * C D S ( P  ) *215 . *215 .  /100000. ) 
P R I N T  1309 D A Y C r B C  

PUNCH 130r D A Y C t B C  
130 FORMAT ( 2 F 1 0 . 5 )  

GO T O  101 
END 
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CTS 46 

C AVERAGES CTS 46 
DIMENSION X f 200 t Y  ( 200 1 

200 N = l  
100 READ 1 0 7 t X ( N )  t Y ( N )  

I F ( X ( N ) + 9 9 9 9 . ) 5 , 8 , 5  
5 I F ( N - 4  1 6 , 9 9 6  
6 N=N+1 
7 GO TO 100 
8 CONTINUE 

N=IV-l 
I F  (N-O ) 9 9 2 0 0  99 

9 CONTINUE 
EN=N 
sx =o . 
S Y = O .  
ssx=o. 
S S Y  =o . 
D O 1 1 0  I = l r N  

102 sx=sx+x (I 
S Y  =SY +v ( I 1 
s s x = s s x + x  ( 1  ) * X  ( 1  
S S Y = S S Y + Y  ( 1  ) * Y  (I 

PRINT 1 0 7 r  ( X ( I ) t Y ( I ) r I = l r N )  
110 CONTINUE 

X l=SX/EN 
Yl=SV/EN 
S X 1 =  SQRT ( ( SSX/EN -X l * X  1 
S Y l = S Q R T (  ( S S Y / E N ) - Y l * Y L )  
PRINT 108 9 x 1  t Y  1 ( S X 1  t S Y 1  
PUNCH 108 t X l r Y  I t  S X l t  S Y  1 

107 FORMAT (2F10.5)  
108 FORMAT (4F10.5) 

GO T O  200 
END 
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